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McGroder, Michael F . ,  M .S . ,  August, 1984 Geology
S t r a t i g r a p h y  and Sedimentat ion of the P ro te ro zo ic  Garnet Range 
Form at ion ,  B e l t  Supergroup, Western Montana <107 pp . )
D i r e c t o r :  D r .  Johnnie N. Moore
The Middle<?)  P ro te ro zo ic  Garnet Range Formation of western  
Montana comprises the t h i r d  and uppermost f i r s t - o r d e r  
t ran sgress !ve  sequence in the B e l t  Supergroup. I t  was deposited  
as in terbedded sandstone and mudstone in marine m a rg in a l ,  
nearshore ,  and o f fs h o re  environments on a broad, shallow marine  
p l a t fo r m .  Sedimentary s t r u c tu r e s  and te x tu re s  d is t in g u is h  four  
l i t h o f a c i e s .  In ascending o rd e r ,  these a re :  1) a t h i n l y
in t e r la y e r e d  sandstone-mudstone f a c i e s ,  deposited  in i n t e r t i d a l
and s u b t id a l  s e t t i n g s ;  2) a p lanar  bedded sandstone f a c ie s  w i th  
th in  mud p a r t in g s ,  probably  formed on and between upper shoreface  
shoals;  3) a r h y t h m ic a l ly  bedded sandstone-mudstone f a c ie s  w i th  
hummocky bedding, deposi ted  on the lower shoreface during and 
between storms; and 4)  a r h y th m ic a l ly  bedded f a c ie s  s i m i l a r  to  
f a c i e s  3 , but w i th  th in n e r  mudstone in terbeds  and polymodally  
o r ie n te d  m egar ipp les ,  formed on the upper shore face ,  in t i d a l  
channels,  and<?> on beaches.
Commonly, the micaceous, f i n e  g ra ined  sandstone p o rt ion  of
f a c i e s  3 is  t r i p a r t i t e — grading  from plane bedded a t  the base to
hummocky bedded at the top ,  and capped by wave r i p p l e s .  Th is  
sequence suggests th a t  storm c u r r e n ts  began as l a r g e ly  
u n i d i r e c t i o n a l ,  g r a d u a l ly  changed to l a r g e ly  o s c i l l a t o r y ,  and 
then waned.
The Garnet Range re p re s e n ts  the on ly  documented storm dominated 
si 1 i c i c l a s t i c  s h e l f  deposi ts  in approx im ate ly  15km of B e l t  rocks.  
Perhaps t h i s  s ig n a ls  the f i r s t  wholesale  marine inundation of the 
B e l t  Basin l a t e  in i t s  h i s t o r y .  Submergence or te c to n ic  
t r a n s l a t i o n  of  a western 1andmass may have caused t h i s  inundat ion,
I I
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INTRODUCTION
The Pro te ro zo ic  B e l t  Supergroup of northwest Montana, northern  
Idaho,  northeast  Washington, and southeast B r i t i s h  Columbia conta ins  
in i t s  upper p a r t  the Garnet Range Formation, a green si 1 i c i c l a s t i c  
u n i t  ( F i g s .  1, 2 ) .  The Garnet Range, although included in the 
Missoula  Group, bears l i t t l e  resemblance to those rocks .  Whereas 
Missoula  Group Formations from the Snows1 ip through MacNamara are 
mostly  l i g h t  green to re d ,  mudcracked, ta b u la r  bedded, and d e f i c i e n t  
in d e t r i t a l  mica, the Garnet Range is  green to b la c k ,  ta b u la r  to 
l e n t i c u l a r  bedded, and conta ins  abundant d e t r i t a l  mica and few 
mudcracks. Smith and Barnes (1966)  noted s i m i l a r i t i e s  between the 
Garnet Range and P r ic h a rd  and Wallace Formations and recognized i t  as 
the t h i r d  and uppermost f i r s t  order t ran s gres s iv e  sequence in the 
B e l t .  Bleiwas (1977 )  b e l i e v e d  the d e t r i t a l  mica w i t h in  the Garnet 
Range s ig n a l l e d  the a r r i v a l  of sediment from a new source t e r r a i n .  He 
and Winston (pens, comm., 1983) proposed th a t  an unconformity  may 
separate  the Garnet Range from u n de r ly ing  Missoula  Group s t r a t a .
The aims of  t h i s  study are to :  a) d e l in e a t e  the in te rn a l  
s t r a t i g r a p h y  of the Garnet Range at  i t s  type l o c a l i t y  fo r  use in 
in t r a b a s in a l  c o r r e l a t i o n ,  b) i n t e r p r e t  the processes and environments 
of d e p o s i t io n  fo r  the Garnet Range based on an examination and 
a n a ly s is  of primary sedimentary s t r u c tu r e s  and te x tu r e s ,  and c) in f e r  
the r o le s  th a t  la rge  scale  c l i m a t i c ,  oceanographic, and te c to n ic  
processes played l a t e  in the e v o lu t io n  of  the B e l t  Basin.
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Figure 1. Location map of B e l t  Basin and Garnet Range type l o c a l i t y .  
A f t e r  Harr ison <1972) .
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Figure 2 . S t ra t ig ra p h y  of the B e l t  Supergroup near Missoula, Montana 
Curve shows f i r s t  order transgressions<T> and 
regres s io ns (R ) .  A f t e r  Harr ison <1972).
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s t r a t i g r a p h i e  s tu d ies  w i t h in  the Missoula  Group have h e re to fo re  
concentra ted  mostly  in the red f l u v i a l / a l l u v i a l  deposi ts  of the Mount 
S h e i Id s  and Bonner Formations ( e . g . ,  Winston, 1977, 1978; Quattlebaum 
1980; S to v e r ,  1982, Barlow, 1983) .  The study described here in  
represen ts  the f i r s t  d e t a i l e d  s t r a t i g r a p h i e  work undertaken in the 
Garnet Range. Although e a r l i e r  workers agreed tha t  the Garnet Range 
was deposi ted  seaward from a s t r a n d l i n e ,  they v a r io u s ly  in t e r p r e t e d  the 
d e p o s i t io n a l  environment as submergent fan d e l t a  (B le iw as ,  1977) and 
lagoon (Schmidt e t  a l ,  1 983 ) .
I have r e s t r i c t e d  t h i s  study to the type l o c a l i t y  f o r  several
reasons.  Despite  s t r u c t u r a l  com plex ity  and g e n e r a l ly  sparse outcrops,
there  are some e x c e l l e n t  exposures of the upper p a r t  of the Garnet  
Range at  i t s  type l o c a l i t y  along the B lackfo o t  R iv e r .  A ls o ,  the type
l o c a l i t y  is  one of the few areas where the top of the Garnet Range and
o v e r ly in g  P i l c h e r  Q u a r t z i te have not been removed by pre -M idd le  
Cambrian e ro s io n .  F i n a l l y ,  c o r r e l a t i o n  w i th  f a r  removed sect ions  
awaits  r e c o g n i t io n  and documentation of an in te rn a l  s t r a t i g r a p h y  w i t h in  
the u n i t ;  the type l o c a l i t y  is  the lo g ic a l  place to describe t h i s  
in te r n a l  s t r a t i g r a p h y .
T h is  thes is  is  d iv id e d  in to  three p a r t s .  Chapter One describes  
the s t r a t i g r a p h y  and sedimentat ion of  the Garnet Range. In Chapter  
Two, I synthes ize  Garnet Range s t r a t i g r a p h y  and discuss possib le  
im p l ic a t io n s  fo r  the l a t e  h i s t o r y  of the B e l t  Basin. Chapter Three is  
a d e t a i l e d ,  process o r ie n t e d  treatment of storms and t h e i r  r o le  in 
forming sandstone-mudstone cyc les  and hummocky cross s t r a t i f i c a t i o n  on
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the ! ower shoreface during Garnet Range d e p o s i t io n .  Th is  chapter is an 
is an extension of the Fac ies  Three i n t e r p r e t a t i o n  presented in Chapter  
One. I t  has been separated to a l lo w  those readers  in te r e s te d  only  in 
Garnet Range s t r a t i g r a p h y  and d e p o s i t io n a l  environments to a s s im i la te  
th a t  in form at ion  in a s in g le  c h a p te r .
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CHAPTER W E :  STRATIGRAPHY AND SEDIMENTATION OF THE GARI4ET RANGE
FORMATION
Regional d i s t r i b u t i o n ,  c o r r e l a t i o n ,  and th ickness
Clapp and Deiss (1931)  named the Garnet Range Formation -for the 
e x ten s ive  exposures along the B lackfoot  R iver  a t  the northwest end of 
the Garnet Range, severa l  k i lo m e te r s  no rtheas t  of  Bonner, Montana 
( F i g .  3 ) .  In eastern  and southern p a r ts  of the B e l t  Basin,  the 
Garnet Range is  u n d e r la in  by red and green a r g i l l i t e ,  s i l t i t e ,  and 
q u a r t z i t e  of the MacNamara Formation.  North of Thompson F a l l s ,  
red beds of  the MacNamara pass to green a r g i l l i t e ,  making i t  d i f f i c u l t  
to  d i s t in g u is h  from the Garnet Range. The two form at ions  have been 
grouped as the Libby Formation in th a t  area (Winston, 1984) .  P urp le ,  
r e d ,  and w h ite  cross bedded and plane laminated q u a r t z i t e  of the 
P i lc h e r  Q u a r t z i t e  conformably o v e r l i e s  the Garnet Range in and around 
i t s  type l o c a l i t y  near M is s o u la .  The P i l c h e r  is  absent in e a s te rn ,  
n o r th e r n ,  and western s e c t io n s  of  the b a s in ,  where the Middle  Cambrian 
F la th ead  Q u a r t z i t e  r e s ts  d isconformably  atop the Garnet Range and other  
B e l t  s t r a t a  (McGil l  and Sommers, 1 9 67 ) .  On the eastern  margin of the 
ba s in ,  t h i s  unconformity  cuts downsection in to  rocks of the lower B e l t ,  
making i t ,  in e f f e c t ,  a re g io n a l  angular  unconform ity .  Where the 
P i lc h e r  is preserved above the Garnet Range, the na ture  of i t s  contact  
w ith  the o v e r ly in g  F la thead  is  d isputed  (compare Winston,  1977; Elston  
and B r e s s le r ,  1980; E ls to n ,  1984; I l l i c h ,  1966; Obradovich and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
GENERALIZED GEOLOGIC M A P
MISSOULA AND VICINITY
MISSOULA
Figure 3 . Geologic map (g e n e r a l i z e d )  w i th  Garnet Range in s t ip p le d  
p a t te r n .  L e t te r s  show lo ca t io ns  o-f sect ions measured in 
t h i s  s tudy.  From west to east :  EC=Eddy Creek, EM=E11is 
Mountain, NM*Ninemile, SP=Stuart Peak, PC=Pilcher Creek,  
JG=Johnson Gulch, LC=LaFray Creek, WB=Wi sherd Bridge. See 
appendix fo r  prec ise  lo c a t io n s .  A f t e r  Watson (1 9 8 4 ) ,  
Wallace and Lidke ( 1 9 8 0 ) ,  W el ls  (1 9 7 4 ) .
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Petermen, 1968; B a l la r d  e t  al 1983; Nelson and D o b e l l ,  1961) .
Reported th icknesses o-f the Garnet Range vary w id e ly .  Clapp and 
Deiss (1931 )  es t im ated  7600 f e e t  <2316 m) in the type l o c a l i t y  along 
the B lackfo o t  R iv e r ,  but measured across several f a u l t s  and fo ld s  that  
repeated  the s e c t io n .  Nelson and Dobell  (1961)  l a t e r  mapped the Bonner 
Quadrangle,  which encompasses the type l o c a l i t y ,  and c a lc u la te d  a 
th ickness  of  about 1800 f e e t  (549  m ) . W e l ls  ( 1 9 7 4 ) ,  who l a t e r  mapped 
the A lber ton  Quadrangle, re p o r te d  8200 f e e t  (2499 m) of Garnet Range in 
tha t  a re a ,  yet presented no data to support h is  c la im .  Complicat ing  
the p i c t u r e  more, Wallace and Lidke (1980)  c a lc u la te d  5900 to 6900 fe e t  
<1798 m to 2103 m) from w i ld e rn e s s  mapping tha t  over laps  the Bonner 
Quadrangle map, yet  they a lso  f a i l e d  to c i t e  the bas is  of t h e i r  
c a l c u l a t i o n .  Watson ( 1 9 8 4 ) ,  who remapped p a r t  of t h i s  problematic  area  
in d e t a i l ,  c a lc u la te d  a th ickness  of about 3800 f e e t  (1158 m) from 
balanced cross s e c t io n s .  R e l i a b l e  e s t im ates  can be a t ta in e d  fo r  
th icknesses in areas west and n o rtheas t  of the type l o c a l i t y ,  where 
s t r u c t u r a l  com pl icat ions  are minimal and permit  accurate  computations  
from maps. In these a re a s ,  a t  Trout  Creek, near S u p er io r ,  and in the 
southern Lewis and C lark  Range, th icknesses are approximately  3000 fe e t  
<914 m) and 1000 f e e t  (305 m ) , r e s p e c t iv e ly  (Campbel l,  1960; McGil l  and 
Sommers, 1 967 ) .  The F la th ea d  Q u a r t z i t e  unconformably o v e r l ie s  the 
Garnet Range in both a rea s .  For purposes of t h i s  r e p o r t ,  1100 m (3500  
f e e t )  appears to be a reasonable  approximation fo r  the Garnet Range in 
the type a re a .  T h is  value was d e r iv e d  from r e c a l c u l a t i o n s  on the maps 
of  Wal lace and L idk e ,  1980; W e l ls ,  1974; Nelson and D o b e l l ,  1961; and
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Watson, 1984; a f t e r  f i e l d  checking and minor reconnaissance mapping. 
There is  c u r r e n t ly  no evidence fo r  s i g n i f i c a n t  th ickness change across 
any of the f a u l t s  b is e c t in g  the study a rea .
In t h i s  study, I measured and analyzed e ig h t  p a r t i a l  s t r a t i g r a p h i e  
s e c t io n s  In two p r in c i p a l  areas ( F i g .  3 ) .  F ive  c lo s e ly  spaced sect ions  
are lo ca ted  w i t h in  the Wisherd Syncl ine  in the Jocko Mountains north of 
M is s o u la ,  Montana. Three c lo s e ly  spaced sect ions  are located near 
A lb e r to n ,  Montana, 50km west of M issou la .  In a d d i t io n ,  reconnaissance  
s tu d ies  were made northeas t  and northwest of  the a re a ,  in the Lewis and 
Clark  Range and near S u p e r io r ,  Montana, r e s p e c t i v e l y .  The two 
p r in c i p a l  areas l i e  on opposite  s ides of the northwest t rend ing  Clark  
Fork f a u l t .  Several th ru s t  f a u l t s  a lso  separate  the a reas .  Most of 
these d ie  in to  f o l d s  l o c a l l y  and are th e re fo re  not considered to have 
had la rge  te c to n ic  d isp lacem ent .
Due to poor exposure and s t r u c t u r a l  c o m p l ic a t io n s ,  the th ic k e s t  
sect ion  measured in t h i s  study is 273 m eters .  Th is  th ickness probably  
re pres e nts  only  a fo u r th  or less  of the Garnet Range s e c t io n ,  which is 
nowhere complete ly  exposed. Consequently , I  constructed a s in g le  
composite s t r a t i g r a p h i e  column fo r  the area as a whole from p a r t i a l  
measured sect ions  ( F i g . 4 ) .  S t r a t i g r a p h i e  contro l  employed in t h i s  
method is based on pub l ished  maps and minor reconnaissance mapping.
(See appendix fo r  e s t im a t io n s  of  s t r a t i g r a p h i e  p o s i t io n  fo r  in d iv id u a l  
s e c t i o n s . )  The composite se c t io n  i l l u s t r a t e s  the c h e i f  l i t h o f a c i e s  of 
the Garnet Range and t h e i r  v e r t i c a l  sequence. Facies  are described in 
the next s e c t io n .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
I
u
iS
O
!?
%
2;W
Ü
WI
[IinnnrïirinrYTinfïTimin^^
li
G I
- I
I
I
ro
I»a>
uo
D m
j p T m T T i
jTTifïinn
I
. . o r r b n
DDO
CvJ
V»0>
o
o
u.
/
/  _
nmmrmM
\  '
' \  \ \ \ \ \ \
\
C"
\
\
\  \ 
\ \\
\
\
\
\
\
V>g
u
Q
U
I I
E
V
E>-
£>
E>
E>
E
>
W 0 0  11
li oosc
Figure  4 .  C o r r e la t io n  diagram showing s e c t io n s  measured fo r  t h i s
study.  See f ig u r e  3 fo r  names and lo c a t io n s  of sect ions ,  
COMP is  composite, Ym=MacNamara Formation, Yp=Pilcher  
Q u a r t z i t e ,  Cf=F1athead Sandstone.
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Facies  D es c r ip t io n s
The Garnet Range Formation is  composed throughout o-f in terbedded  
sandstone ( q u a r t z i t e ) ,  s i l t s t o n e  ( s i l t i t e ) ,  and mudstone ( a r g i l l i t e ) ,  
w ith  minor cher t  and s i l i c e o u s  s i l t s t o n e .  Although the Garnet Range 
has undergone lower greensch is t  f a c ie s  metamorphism, o r ig in a l  
sedimentary rock f a b r i c s  have not been seve re ly  a l t e r e d  and normal 
sedimentary rock nomenclature can be a p p l ie d  to the rocks.  Use of th is  
terminology w i l l  a l lo w  processes and environments to be in te r p r e te d  
more s t r a i g h t f o r w a r d l y  from d e s c r ip t io n s .  A ls o ,  more prec ise  
comparisons between f a c ie s  w i l l  be poss ib le  using t h i s  terminology.
Sedimentary s t r u c tu r e s  and te x tu re s  c h a r a c te r i z e  four d i s t i n c t  
l i t h o f a c i e s .  In  ascending o r d e r ,  1 r e f e r  to these as: I )  the t h i n l y  
i n t e r  layered  sandstone-mudstone f a c i e s ,  2) the p lanar  bedded sandstone 
f a c i e s ,  3) the c y c l i c  hummocky bedded f a c i e s ,  and 4) the hummocky and 
cross bedded f a c i e s .  The v e r t i c a l  d i s t r i b u t i o n  of f a c ie s  has been 
compiled from r e l a t i o n s  w i t h in  the se ct ions  themselves, from published  
geologic  maps ( r e fe r e n c e d  above) which show lo c a t io n s  of sect ions  
w i t h in  the fo rm a t io n ,  and from my own unpubl ished reconnaissance  
mapping in the v i c i n i t y  o f  some s e c t io n s .  As f ig u r e  4 in d ic a te s ,  s ix  
se ct ions  conta in  two f a c i e s ,  w h i le  two se ct ions  are e n t i r e l y  w i t h in  one 
f a c i e s .  These are described  below from bottom to top of the fo rm at io n .
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Faciès  One: T h in ly  in t e r la y e r e d  sandstone-mudstone fa c ie s
The lowermost f a c ie s  of the Garnet Range Is exposed at Eddy Creek,  
E l l i s  Mountain, and at  the base o f  the Johnson Gulch sect ion  (see 
f i g s .  3 , 4 ) .  The base of the sect ion  at Eddy Creek l i e s  approximate ly  
200 f e e t  <61 m> above the uppermost red beds of the MacNamara 
Formation. Th is  f a c ie s  th e r e fo re  forms the lowermost fa c ie s  of the 
fo rm a t io n .  I t  a t t a i n s  a maximum measured th ickness of about 60 meters  
at  the E l l i s  Mountain s e c t io n .  F i e l d  observat ions  at Trout Creek, near 
S u p e r io r ,  suggest th a t  t h i s  f a c ie s  might be s i g n i f i c a n t l y  th ic k e r  
th e r e .  At Johnson Gulch, along the B lackfoot  R iv e r ,  t h i s  fa c ie s  is 
o v e r la in  by dark green sandstone of the p lanar  bedded sandstone f a c i e s .  
Near A lb e r to n ,  the lowermost f a c ie s  appears to grade in to  the c y c l ic  
hummocky bedded f a c i e s .  At  S u p e r io r ,  the t h i n l y  in t e r la y e r e d  
sandstone-mudstone f a c ie s  may be o v e r la in  by a red e q u iva len t  of the 
planar  bedded sandstone f a c i e s .
Two p r in c ip a l  components c h a r a c te r i z e  t h i s  f a c i e s — two meter th ick  
th in n in g  and f i n i n g  upward c y c le s ,  and th in  n o n -c y c l ic a l  sandstone 
mudstone in terbeds ( F i g .  5 ) .  In a d d i t io n ,  a t h i n ,  r e l a t i v e l y  massive 
black s i l t s t o n e  in t e r v a l  l i e s  a t  the top of  the fa c ie s  at Johnson 
Gulch. Th inn ing  and f i n i n g  upward c y c le s  are best d isp layed in the 
r a i l r o a d  cuts  at  the Eddy Creek sect ion  w h i le  no n -c yc l ic  in terbeds  
occur at  both A lber ton  and Trout  Creek, where they are best developed.
The two meter th ic k  th in n in g  and f i n i n g  upward cycles  t y p i c a l l y  
begin w i th  a sharp based, 10-30cm t h i c k ,  p lanar  laminated,  f in e  gra ined
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THINLY iNTERLAYED SANDSTONE MUDSTONE FACIES
\
Figure 5 .  C h a r a c te r is t ic  s t r a t i g r a p h i e  sequences of Facies One, Garnet 
Range Formation, L e f t  column shows no n-cyc l ic  f l a s e r  
s a n d s to n e - le n t ic u la r  mudstone in terbeds wi th  local beds of 
r e a c t iv a te d  megaripples .  Right column shows c y c l ic  th inn ing  
and f i n i n g  upward cycles  w i th  th ick  basal channel sandstone 
o v e r la in  by f l a s e r  sandstone and l e n t i c u l a r  mudstone.
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sandstone bed. Many of these beds pinch out in one or both d i r e c t i o n s ,  
w h i le  some extend cont inuou s ly  across outcrops.  W i th in  the l e n t i c u l a r  
(channe l)  sandstone beds, laminae are commonly g e n t ly  in c l in e d .  At 
Johnson Gulch, some of these basal sandstones conta in  small megaripples  
and c u r re n t  r i p p l e s .  The bases of  these beds are l o c a l l y  e r o s iv e ,  and 
mudchips commonly make up a small f r a c t i o n  of the d e t r i t u s  in the 
otherwise m oderately  s o r te d  sandstone. Some sandstone beds conta in  
calc ium carbonate concre t ions  up to 50cm in d iam eter .
Basal sandstone beds are t y p i c a l l y  f l a t  topped and o v e r la in  by 
black s i l t s t o n e  and in terbedded w h i te  very f in e  gra ined  sandstone beds 
th a t  th in  upward to the base of  the next c y c le .  In d iv id u a l  in terbeds  
range from one to  ten c e n t im e te rs  t h i c k .  Some a l t e r n a t i n g  black and 
w hite  beds are graded w h i le  o thers  d is p la y  v ary in g  combinations of  
f l a s e r ,  l e n t i c u l a r ,  and wavy bedding. Small b a l l  and p i l lo w  s t ru c tu re s  
l i e  w i t h i n  the tops o f  some black s i l t s t o n e  beds, Just below th in  
o v e r ly in g  sandstone beds. Rare bedding plane exposures d isp la y  
runzelmarken (w r in k le  marks) and in te r fe r e n c e  r i p p l e s .  Some 
in t e r fe r e n c e  r i p p l e s  comprise symmetrical o s c i l l a t i o n  r ip p le s  occupying 
the troughs between ad jacent  s t r a i g h t  c res te d  assymetric  cu r ren t  r ip p le  
c r e s ts .
The o ther  component of t h i s  f a c i e s ,  th in  n o n -c y c l ic a l  sandstone-  
mudstone in te rb e d s ,  resembles the upper p o r t io n s  of  the th in n in g  and 
f i n i n g  upward c y c le s .  The absence of  t h i c k ,  commonly l e n t i c u l a r  basal 
sandstones imparts a conspicuously more ta b u la r  appearance to  the
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bedding at  Trout Creek. F taser  bedding is e s p e c i a l l y  we l l  developed in 
many of the sandier  beds and l e n t i c u l a r  bedding c h a r a c te r iz e s  the 
muddier beds. In  one l o c a l i t y  a t  T rout  Creek, the n o n -c yc l ic  ta b u la r  
sandstone-mudstone in terbeds  are in te ru p te d  by a bed of almost w h o l ly  
preserved h a l f  meter high sinuous c res te d  dunes (3 -D  megaripples of  
C o s te l lo  and Southard, 1 981 ) .  The surface  below these dunes undulates  
broadly  (c e n t im e te rs  in ampli tude over severa l  meters)  and is  s l i g h t l y  
scoured,  suggesting these forms m igra ted  in broad, shallow channels.  
Some fo r e s e ts  w i t h i n  the dunes are draped w i th  mud b lankets  up to 1 .5  
cm t h i c k .  Dune tops are not ap p re c ia b ly  planed o f f ;  t h e i r  three  
dimensional form remains e s s e n t i a l l y  i n t a c t .  Other beds w i th in  the 
n o n -c y c l ic  par t  of  t h i s  f a c ie s  conta in  is o la te d  s t r o m a t o l i t e  heads and 
s i l i c i f i e d  pe11oidal (?>  l imestone lenses.
As mentioned above, t h i s  f a c i e s  a ls o  conta ins  a d i s t i n c t i v e  f in e  
gra ined sequence e x e m p l i f ie d  on ly  in the Johnson Gulch s e c t io n .
Th ere ,  the th in n in g  and f i n i n g  upward cyc les  pass upsection in to  an 
approx im ate ly  20m t h ic k  package of uniform black s i l t s t o n e  w i th  f a i n t  
planar  la m in a t io n s .  T h is  20m th ick  black s i l t s t o n e  is in turn sharp ly  
o v e r la in  by dark green,  very f i n e  gra ined  sandstone w i th  th in  mud 
p a r t in g s  th a t  forms the o v e r ly in g  f a c i e s .  Numerous coarse w h ite  s i l t  
and very f i n e  gra ined sandstone based graded beds l i e  w i th in  t h i s  20m 
i n t e r v a l .  In d iv id u a l  graded beds range from two to 20cm t h i c k .  One 
small slump s t ru c tu re  and severa l  in te r fe r e n c e  r i p p l e  marked bedding 
sur faces  a ls o  l i e  w i t h in  t h i s  i n t e r v a l .
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Facies  Two: P lanar  bedded sandstone fa c ie s
The second f a c ie s  from the base of the Garnet Range, a lso  observed 
only  a t  the Johnson Gulch sect ion  (F ig s  3 , 4 ) ,  is c h a r a c te r iz e d  by a 
high ( 9 / 1 )  sandstone to mudstone r a t i o ,  th in  to t h i c k ,  ta b u la r  to  
wedge shaped bedding, and p lan ar  lam inat ion  w i th  some low angle 
in te r n a l  t ru n c a t io n  sur faces  ( F i g . 6 ) .  The sandstone beds are  
t y p i c a l l y  sharp based and v a r i a b l y  f l a g g y .  F lag iness  is imparted to  
the sandstones by very  th in  ( i n  some cases paper th in )  la y e rs  of l i g h t  
green mudstone or mica. V a r ia b le  thicknesses of in d iv id u a l  sandstone 
beds are  a fu n c t io n  of the f requency of  f in e  gra ined  p a r t in g s  w i t h in  a 
p a r t i c u l a r  i n t e r v a l .  The more massive sandstone beds range up to  
three meters t h i c k ,  w i th  on ly  sparse p a r t in g  s u r fa c e s ,  mostly  
concentra ted  near the bottcms and tops of beds. On the other  hand, 
where p a r t in g  sur faces  are p l e n t i f u l ,  a three  meter sandy in te r v a l  may 
be b e t t e r  described as a stack of two cent im eter  th ick  f la g g y  s labs  
r a th e r  than as one continuous bed. O s c i l l a t o r y  r i p p l e  marks mantle  
some sandstone beds. Some sandstones have scoured tops w i th  up to 5cm 
r e l i e f ,  draped w i th  mud. Other p a r t in g  sur faces  conta in  dimple shaped 
c r a t e r s  in te r p r e te d  to be ra indrop  im p r in ts .
Occasional mudstone in terbeds  range up to 10cm t h i c k .  These 
mudstones are t y p i c a l l y  s t r u c t u r e l e s s  to f i s s i l e  and l i g h t  brown to 
pale  green in c o lo r .  Mudstone bases and tops are most commonly sharp 
but both may grade in to  sandstone. Rare gashed shaped (synaeres is? )  
cracks pe n e tra te  the tops of mudstone la y e r s .
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Figure 6 . C h a ra c te r is t ic  s t r a t i g r a p h i e  sequence of Facies Two, Garnet
Range Formation. Facies conta ins about 90% sandstone, mostly  
f l a t  laminated. Flaggy sandstone l o c a l l y  in te r rup te d  by 
1-lOcm th ick  l i g h t  green mudstone la y e rs .  Wave r ip p le s  are 
common.
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Facies  Three:  C yc l ic  hummocky bedded fa c ie s
The c y c l i c  hummocky bedded f a c ie s  is exposed in measured sect ions  
at  Wisherd Br idge ,  LaFray Creek, S tu a r t  Peak, P i l c h e r  Creek, and 
Ninem ile  ( F ig s .  3 , 4 ) .  Nowhere is  the base of the f a c ie s  exposed. In
s te e p ly  d ipp ing  beds a t  N in e m i le ,  the p lanar  bedded sandstone fa c ie s
u n d e r l ie s  t h i s  f a c i e s  but a large  stream g u l l y  w i th  no exposure 
separates  the two. At Wisherd B r idge ,  LaFray Creek, S tu a r t  Peak, and 
P i lc h e r  Creek t h i s  f a c ie s  grades up in to  f a c ie s  f o u r — the hummocky and 
cross bedded f a c i e s .  The maximum measured th ickness of the f a c ie s  is 
about 200m, but i t  is  undoubtedly t h i c k e r .
T h is  f a c ie s  is  s i m i l a r  to  most of  the p lanar  bedded sandstone
f a c ie s  in tha t  i t  is  composed l a r g e l y  of indurated to f la g g y  sandstone 
separated by th in  mud la y e rs  ( F i g .  7 ) .  However, whereas the green 
mudstones th a t  formed th in  f e a tu r e l e s s  in terbeds in f a c ie s  two appeared 
to be noth ing more than e x t r a  th ick  mud p a r t in g s ,  the mud in t e r v a ls  of  
f a c ie s  three  comprise a separate  heterogeneous and v a r ia b le  component 
of the f a c ie s  unto themselves. These muddy in terbeds are pervas ive  and 
th ic k  enough to y i e l d  a c h a r a c t e r i s t i c  sandstone-mudstone c y c l i c i t y  to 
the f a c i e s .  The mudstone beds commonly grade up from under ly ing  
sandstones but never grade in to  o v e r ly in g  ones. The other  main 
d i f f e r e n c e  between f a c ie s  two and three is th a t  the character  of  
la m in a t io n s  is  c ons iderab ly  more undula tory  or "hummocky" in the l a t t e r  
sandstones. Although the two do not occur in any of the same s e c t io n s ,  
v e r t i c a l  r e l a t i o n s  w i t h in  the sect ion  suggest tha t  fa c ie s  two grades
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CYCL/C HUMMOCKY BEDDED SANDSTONE FACIES
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Figure 7. C h a r a c t e r is t ic  s t r a t i g r a p h ie  sequence o-f Facies Three,
Garnet Range Formation. Sandstone-mudstone couplets average 
one meter t h i c k .  Sandstone commonly grades from plane  
bedded to hummocky bedded to wave r ip p le d .  Some sandstone 
bed tops are scoured, others  graded.
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upsect ion in to  f a c ie s  three ( F i g . 4 ) .
Sandstone-mudstone cyc les  of t h i s  f a c ie s  are t y p i c a l l y  one meter  
th ic k  and commence w i th  an approx im ate ly  70cm t h i c k ,  sharp based, f in e  
to very f in e  gra ined  sandstone. The " id e a l"  sandstone h a l f  of the 
c y c le ,  present in probably  less  than a t h i r d  of  the sandstone beds, is 
t r i p a r t i t e ,  grading frcxn plane bedded at  the base to hummocky bedded 
at the top and capped by a th in  veneer of symmetric r ip p le s  ( F i g .  7 ) .
T e x tu ra l  c h a r a c t e r i s t i c s  as w e l l  as sedimentary s t ru c tu re s  
d is t in g u is h  the plane bedded from hummocky sandstone. Except fo r  the 
lowermost few c e n t im e te r s ,  the plane bedded in te r v a l  is  o f ten  more 
f a i n t l y  laminated and l i g h t e r  c o lo re d .  Mica is sparse in the plane  
beds and t h i s  in t e r v a l  r a r e l y  weathers in to  f la g g y  s la b s .  Where s labs  
do form, p a r t in g  l i n e a t i o n s  commonly etch t h e i r  s u r fa c e .  These 
fe a tu r e s  r e f l e c t  b e t t e r  s o r t in g  in the lower sandstone. Only at  the 
base of the plane bedded sandstone has mud scoured from the under ly ing  
la y e r  been incorporated  in to  the sand, g iv in g  the rock a dark ,  m ot t le d  
appearance.
Laminations in the hummocky beds, in c o n t r a s t ,  are wel l  de f in ed  by 
conc e ntra t ions  of r e l a t i v e l y  coarse d e t r i t a l  mica along evenly spaced 
bedding sur fa ce s .  The micaceous la y e rs  weather on the outcrop to give  
the hummocky sandstones t h e i r  c h a r a c t e r i s t i c  f la g g y  p a r t in g .  Some 
f la g g y  sandstones conta in  e n ig m a t ic ,  anastimosing depressions that  
would resemble animal t r a i l s  were i t  not fo r  t h e i r  high degree of  
p a r a l l e l i s m .  Surfaces of f la g g y  s labs  a lso  t y p i c a l l y  have a n o t ic a b le  
micaceous g l i t t e r  or sheen. Although some mica f la k e s  have diameters
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o-f severa l  m i l l i m e t e r s ,  th in  sect ion  a n a ly s is  in d ic a te s  mica la y e rs  are 
only  a f l a k e  or two th ic k  and form the tops of th in  graded laminae.  
Graded laminae range from less  than a m i l l i m e t e r  to a cent im eter  or 
more and commonly decrease in th ickness upward in the sandstone halves  
of the c y c le s .
Hummocky bedding, or hummocky cross s t r a t i f i c a t i o n ,  was f i r s t  
named by Harms e t . a l .  (1975)  fo r  the low angle undulatory  cross  
la m ina t ions  observed in numerous anc ient  nearshore sandstones. These 
workers d e f in ed  four  c r i t e r i a  by which to i d e n t i f y  hummocky cross  
s t r a t i f i c a t i o n :  1) e ros iona l  lower bounding s u r fa ce s ,  2) in te rn a l  
laminae th a t  more or less  p a r a l l e l  th a t  bounding s u r fa c e ,  3)  laminae 
o f te n  s y s te m a t ic a l ly  th icken  or fan l a t e r a l l y ,  y i e l d i n g  p ro g re s s iv e ly  
f l a t t e r  laminae upwards, and 4)  dip d i r e c t io n s  of the "cross laminae" 
have no p r e f e r r e d  o r i e n t a t i o n .  A l l  of these fe a tu r e s  are present in 
the hummocky beds of  the Garnet Range.
Swale <a trough between two hummocks) to swale or hummock to
hummock wavelength of the s t r u c tu r e  ranges from about one to more than 
ten m eters .  Swale to hummock ampli tudes are o r d i n a r i l y  an order of  
magnitude le s s ,  ranging  from a few to  about 30 cm. Bedding plane  
exposures of hummocks, although ex t rem ely  r a r e ,  g e n e r a l ly  d is p la y  a
d i s t r i b u t i o n  p a t te rn  th a t  appears roughly  or thog ona l .  In d iv id u a l
hummocks are n e a r ly  c i r c u l a r  in plan v iew. Several exposures of 
hummocky bed soles  in d ic a te  swales are a lso  n e a r ly  c i r c u l a r  in p lan .
Except fo r  those laminae in the upper few c e n t im eters  of a 
sandstone bed, which may have been deposited com plete ly  from
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suspension,  a l l  laminae te rm inate  somewhere aga ins t  erosional  sur faces .  
Where "cross bed" toese ts  lap onto a hummock, both ends may end at  
erosion s u r fa c e s .  C h a r a c t e r i s t i c a l l y ,  a laminae tha t  d is c o rd a n t ly  
o v e r l i e s  another set of laminae can be t raced l a t e r a l l y  in to  an area  
where i t  concordant !y o v e r l i e s  those same laminae.
Some laminae th icken l a t e r a l l y  in a s e t ,  t y p i c a l l y  as they f i l l  a 
swale but in some cases as they mantle a hunwnock. In t h i s  l a t t e r  
sense, domes or hummocks may be thought of as upward aggrading  
s t r u c tu r e s .  However, the process of upward growth by s p a t i a l l y  
p r e f e r e n t i a l  laminae th ic k e n in g  is from a l l  in d ic a t io n s  subordinate to 
the process of hunmock form at ion  by chance bed p re s erv a t io n  between 
adjacent  scour p i t s .  Conversely ,  laminae th ick e n in g  in troughs is 
s i g n i f i c a n t  and has the e f f e c t  o f  " f i l l i n g  in the holes" so th a t  most 
sandstone bed tops are remarkably p la n a r .
Dips o f  hummocky "cross beds' r a r e l y  exceed 15 degrees and 
commonly are 10 degrees or le s s ,  w i th  dip angles o f te n  decreasing  
upward through a bed. Although cross beds may e x h ib i t  p r e fe r r e d  
o r i e n t a t i o n  in p a r t  of any one bed, no such p r e fe r r e d  o r ie n t a t io n  
e x is t s  on the scale  of a whole bed or outcrop .  Angle of repose bedding 
occurs in a few s i g n i f i c a n t  p laces w i t h in  the hummocky sandstones. In 
i s o la te d  cases, swales are p a r t l y  f i l l e d  from one s ide by small lens  
shaped se ts  of angle of repose fo r e s e ts  up to 10cm high .  These 
f e a tu r e s  are an order of magnitude sm al le r  than one coset of hummocky 
cross laminae and commonly occupy a s lo t  between an under ly ing  concave 
up laminae and an o v e r ly in g  concave down laminae. These surrounding
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laminae are l a t e r a l l y  cont inuous.  O r ie n ta t io n s  of  these fo r e s e ts  are  
s c a t t e r e d .
The tops of t r i p a r t i t e  sandstones are cownonly capped by a th in  
veneer of n e a r ly  s t r a i g h t  c res te d  symmetric r i p p l e s .  Th is  veneer  
r a r e l y ,  i f  e v e r ,  exceeds one r i p p l e  ampli tude in th ickness ,  and r i p p l e s  
have n e g l i g i b l e  angles of c l im b .  I n t e r n a l l y ,  the r i p p l e s  commonly 
d is p la y  on ly  one d i r e c t i o n  of cross s t r a t i f i c a t i o n ,  so they may be best  
c l a s s i f i e d  as combined f lo w  r i p p l e s  in the terminology of Harms ( 1 9 6 9 ) .  
Both sharp c res te d  and round cres ted  v a r i e t i e s  are p resen t ,  r i p p l e  
wavelengths range from 6 to 12cm, r i p p l e s  indexes from 4 to 10. A 
s i g n i f i c a n t  p ro p o r t io n  of the r i p p l e s  are in te r fe r e n c e  r i p p l e s .  R ipple  
c re s t  o r i e n t a t i o n s  from t h i s  f a c ie s  lack p r e fe r r e d  o r i e n t a t i o n .
The mudstone p o r t io n  o f  sandstone-mudstone cyc les  is  commonly 
about h a l f  as th ic k  as the sandstone p o r t i o n .  Many mudstones are  
heterogeneous and conta in  combinat ions of very micaceous very f in e  
gra ined sandstone, sandy brown s i l t s t o n e ,  b lack s i l t s t o n e  and brown 
c la y s to n e .  Parts  or a l l  of t h i s  in t e r v a l  are l o c a l l y  graded. Except 
as described below, lam ina t ions  in t h i s  in te r v a l  are p la n a r .  They are 
d e f in ed  by var ious  t e x t u r a l  f e a tu r e s  in c lu d in g  mica r i c h  laminae in the 
micaceous sandstone and s i l t s t o n e ,  p lanar  f i s s i l i t y  in some brown 
c la y s to n e s ,  and f a i n t  b la c k /g r a y  c o lo r  c o n t ra s ts  in the black  
si 1t s t o n e .
One or more t h i n ,  f in e  g ra ined  sandstone beds commonly punctuate  
the muddy i n t e r v a l .  These are mostly  about 10cm th ick  but some th icken  
to become the base of an o v e r ly in g  c y c le .  Cycle boundaries in such
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
24
cases are n e c c e s a r i ly  de f in ed  a r b i t r a r i l y .  These th in  sandstones are  
t y p i c a l l y  l i g h t  co lored  and plane lam inated .  The plane lam inat ions are 
commonly undu la tory  and t ru n c a te d ,  much the same as the th ic k e r  
hummocky bedded sandstones lower in the c y c le .  Symmetric r ip p le d  tops 
a ls o  serve to  i d e n t i f y  these beds as sm al le r  vers ions  of  the middle  
t r i p a r t i t e  sandstone.
Gash shaped c racks ,  formed by e i t h e r  synaeres is  (see Donovan,
1972) or p o s t -d e p o s i t io n a l  compaction, occur on the tops of many 
mudstone i n t e r v a l s .  These are most e a s i l y  i d e n t i f i e d  on the outcrop  
where the uppermost p a r t  of  a mudstone la y e r  s t i c k s  to the base of the 
o v e r ly in g  r e s i s t a n t  sandstone bed. I f  they do indeed represent  
synaeres is  cracks formed a t  the sediment water  i n t e r f a c e ,  they are  
s i g n i f i c a n t  in th a t  they in d ic a te  depo s i t ion  of the o v e r ly in g  sandstone 
occurred w i thout  scour ing .
V a r i a t i o n s  of  the ideal cycle  are commonplace. The sandstone pa r ts  
of some cycles  c onta in  only  plane bedded or only hummocky bedded 
sandstone. In a d d i t i o n ,  some sandstones have in te rn a l  symmetric 
r i p p l e s  as w e l l  as those m a n t l in g  the bed top.  The sandstone-mudstone 
t r a n s i t i o n  is  e s p e c i a l l y  v a r i a b l e .  F igure 7 shows the common ways in 
which the sandstone in t e r v a l  passes to mudstone. The v a r i a t i o n s  are  
remarkably  s im i la r  to  those recognized by Goldr ing and Bridges (1973)  
in a group of  s u b l i t t o r a l  sheet sandstones they described.
Composite beds, or amalgamations of more than one c y c le ,  are  
l o c a l l y  i d e n t i f i a b l e .  They are most e a s i l y  recognized where an 
i n t e r n a l  erosion surface can be t raced  l a t e r a l l y  fo r  a d istance  of
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severa l  meters or more. In Phanerozoic deposi ts  formed by s im i l a r  
means, these amalgamation surfaces  are o f te n  armored w i th  she l l  lag  
( e . g . ,  Kumar and Sanders, 1976; Hobday and Morton, 1980) .  The lack of 
s h e l l s  in the Garnet Range makes r e c o g n i t io n  of composite beds more 
d i f f i c u l t .
Fac ies  Four: Hummocky and cross bedded fa c ie s
T h is  f a c ie s  is  exposed above f a c ie s  three in sect ions  at  S tu a r t  
Peak, P i l c h e r  Creek, LaFray Creek and Wisherd Bridge ( F i g . 4 ) .  Only at  
LaFray Creek does the se c t io n  cont inue un in te rup te d  in to  the P i lc h e r  
Q u a r t z i t e .  The onset of  the g ra d a t io n a l  t r a n s i t i o n  from fa c ie s  three  
to f a c ie s  four is  marked by the lowest occurrence of f a i r l y  large but 
i s o la te d  s t r a i g h t  c res te d  and sinuous c res ted  m egaripp les ,  de f ined  by 
wedge se ts  of p lanar  cross beds and le nso ida l  sets  of trough cross 
beds, r e s p e c t iv e ly  ( F i g .  8 ) .  They are t y p i c a l l y  about 30cm high w i th  
s te e p ly  d ipping f o r e s e t  bedding d e f in e d  by g ra in  s ize  and gra in  color  
d i f f e r e n c e s .  Foreset tops have been planed o f f  so tha t  the 30cm 
preserved he ight  re p re s e n ts  only  a minimum dune h e ig h t .  The erosional  
tops of some fo r e s e t  beds are mantled by symmetric r i p p l e s .  Hummocky 
sandstone o v e r l i e s  other  cross bedded i n t e r v a l s .  Mica f la k e s  are less  
abundant in megaripple beds than in hummocky beds, so that  many dunes 
crop out in r e s i s t a n t ,  c lean w h ite  sandstone ledges. Some beds conta in  
severa l  superimposed dunes, but megaripple  beds comprise less than 10%
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HUMMOCKY AND CROSS-BEDDED SANDSTONE FACIES
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Figure 8 .  C h a ra c te r is t ic  s t r a t i g r a p h ie  sequence, Facies Four of the 
Garnet Range Formation. Sequence is s im i la r  to Facies  
Three, but gra in  s ize  is a l i t t l e  coarser ,  and megaripples,  
herringbone cross beds, swaley c r o s s - s t r a t i f i c a t i o n  and 1cm-m 
angle planar c r o s s - s t r a t i f i c a t i o n  are also present .  Facies  
Four grades in to  P i lc h e r  Q u a r t z i t e ,  which is predominantly  
cross bedded sandstone.
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of f a c i e s  f o u r ,  which,  l i k e  f a c i e s  th r e e ,  is predominantly  hummocky and 
plane bedded sandstone.
A lso common to both f a c ie s  three and four  are f in e  grained  
in te rb e d s .  However, f a c ie s  four  in terbeds become th inner  and a b i t  
coarser  up sec t ion ,  compris ing less  c laystone  and black s i l t s t o n e ,  and 
more sandy brown to maroon s i l t s t o n e .  Grain s ize  in the cross bedded 
sandstones a lso increases to medium gra ined in the uppermost f a c ie s  of 
the Garnet Range.
Other v o l u m e t r i c a l l y  s m a l l ,  but nonetheless im portant ,  components 
of f a c ie s  four  are herr ingbone cross beds, s o -c a l le d  swaley cross 
s t r a t i f i c a t i o n  (SCS), and low angle p lanar  laminated sandstone. H a l f ­
meter th ic k  herr ingbone se ts  o f  p l a n a r - t a b u l a r  crossbeds occur in 
severa l  l o c a l i t i e s ;  p a le o c u rre n t  azimuths w i th in  in d iv id u a l  sets  
diverge  by g r e a te r  than 160 degrees. Leckie and Walker <1982) 
in t e r p r e t e d  swaley cross s t r a t i f i c a t i o n ,  a lso  termed " f l a t  trough cross 
s t r a t i f i c a t i o n "  ( R i c c i - L u c c i ,  1 982 ) ,  as a v a r i e t y  of hummocky cross 
s t r a t i f i c a t i o n  in which f i n e  gra ined  in terbeds and domal s t ru c tu re s  are 
absent.  In  the Garnet Range, swaley cross s t r a t i f i c a t i o n  occurs only  
at the top of the Wisherd Bridge s e c t io n ,  a short  d istance below the 
base of  the P i l c h e r  Q u a r t z i t e .  The low angle p lanar  cross 
s t r a t i f i c a t i o n  occurs in an i s o la te d  outcrop at Bear Creek, probably  
w i t h i n  20 meters of the base of  the P i l c h e r .  The red sandstone at  Bear 
Creek is  b e t t e r  sor ted  and rounded than ty p ic a l  micaceous Garnet Range 
sandstone. Moreover, the outcrop conta ins  about four  meters of  
sandstone w i th  no f in e  gra ined  in te rb e d s .
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O r ie n t a t io n s  of la rge  bedforms in t h i s  f a c ie s  are polymodal,  
probably  owing to genesis  by complex m u l t i p l e  processes ( F i g .  9 ) .  
D ep os i t io na l  s t r i k e  approximates ENE-WSW, based on c urren t  o r ie n t a t io n s  
from probable  f l u v i a l  deposi ts  of the o v e r ly in g  P i l c h e r  Q u a r t z i t e .
In  summary, f a c ie s  four  is both a t r a n s i t i o n  between and a 
composite of the u n d e r ly in g  hummocky bedded Garnet Range Formation and 
the o v e r ly in g  cross bedded P i l c h e r  Q u a r t z i t e .  Fine g ra ine d ,  micaceous, 
hummocky sandstone beds and f i n e r  gra ined in terbeds decrease in 
abundance upwards, g iv in g  way to coarser  g ra in e d ,  b e t t e r  s o r te d ,  cross 
bedded sandstones w i th  minor swaley cross s t r a t i f i c a t i o n  and low angle  
p lan ar  la m in a t io n .
The P i l c h e r  Q u a r tz i te
The P i lc h e r  Q u a r t z i t e  conformably o v e r l i e s  the Garnet Range 
Formation in the v i c i n i t y  of  t h e i r  type l o c a l i t i e s .  As described  
above, the t r a n s i t i o n  is  g ra d a t io n a l  over 30 to 60 meters.  Mappers in 
the area have placed the contact  at the lowest occurrence of abundant 
red cross bedded sandstone (Nelson and D o b e l l ,  1961) .  Given the 
present lack of s t r a t i g r a p h i e  and sedimentologic  knowledge about the 
P i l c h e r ,  I see no reason to r e d e f in e  the c o n ta c t .
The P i l c h e r  Q u a r t z i t e  is c h a r a c t e r i s t i c a l l y  pure m i lky  w h ite  w i th  
purp le  or red  c o lo r  banding d e f in in g  cross bedding— by f a r  the most 
prominent sedimentary s t r u c tu r e  in the fo rm at io n .  Grain s ize  ranges
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■from medium to coarse g ra ined  sand and commonly a l t e r n a t e s  in fo re s e t  
lam inae.  The s t y l e  and geometry of  cross bedding vary g r e a t l y ,  but 
wedge shaped sets  of ta n g e n t ia l  cross s t r a t a ,  probably  formed by 
c l im b ing  s t r a i g h t  to sinuous c res te d  megaripples  appear most common. 
Cosets average 10 to 30cm in he ight  and are l o c a l l y  separated by plane  
laminated sandstone. C h a r a c t e r i s t i c a l l y ,  in d iv id u a l  beds conta in  
complex composite mosaics of cos e ts ,  probably formed by superimposed 
bedforms c l im bing  and/or  m ig r a t in g  s imultaneously  in more than one 
d i r e c t i o n .  These beds range from about one to more than 10 meters  
t h i c k .  At some l o c a l i t i e s ,  l i g h t  c o lo re d ,  cross bedded sandstone is 
r h y th m ic a l ly  i n t e r s t r a t i f i e d  w i th  meter th ic k  or le s s ,  dark re d ,  f in e  
g ra ined  sandstone, s i l t s t o n e  and mudstone beds. Nelson and Dobell  
(1961)  describe the P i l c h e r  Q u a r t z i t e  more com ple te ly .
Pa leocurrent  data  were c o l l e c t e d  from crossbeds in the P i l c h e r  in 
order to a t t a i n  some p r e l im in a r y  in format ion on deposi t iona l  
environments. Approximate ly  f o r t y  measurements were taken on 
megaripple fo r e s e t  cross laminae at each of s ix  l o c a l i t i e s  around the 
study a re a .  The s u i t e  of rose diagrams ( f i g .  9) suggests two current  
regimes: polymodally  d i r e c te d  c u r re n ts  a t  the base of the P i lc h e r  and 
unimodal ly  d i r e c te d  (NNW) c u r re n ts  in the middle of the P i l c h e r .  These 
two c u r re n t  regimes w i l l  be discussed in the f o l lo w in g  s e c t io n s .
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Figure 9 . Paleocurrent data fo r  three s t r a t ig r a p h ie  r ? i ,  i ' I issoula 
Group. See appendi and f ig u r e  3 fo r  locat ions  of  
measurements. D e p o s i t ional s t r i k e  in te rp re te d  as ENE-WSW 
from probable f l u v i a l  deposits  of middle P i lcher  Q u ar tz i te  
See tex t  fo r  f u r th e r  In t e r p r e t a t io n s .
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D epos it iona l  Processes and Environments 
Facies  One: T h in l y  in t e r l a y e r e d  sandstone-mudstone -facies
Th in  f l a s e r ,  l e n t i c u l a r ,  and wavy sandstone-mudstone in terbeds o-f 
f a c ie s  one show c l e a r l y  tha t  cu r ren t  v e l o c i t y  and water depth 
f l u c t u a t e d  during d e p o s i t io n .  Ladderback r i p p l e s  capped by mud 
in d ic a te  th a t  c u r re n t  r ip p l e d  beds were o c c a s io n a l ly  reworked by waves 
b r fo r e  being draped w i th  mud in s tanding w a te r .  Rare runzelmarken (or  
w r in k le  marks) formed in r i p p l e  troughs by wind blowing across a th in  
f i l m  of  w a te r .  These s t r u c tu r e s  in d ic a te  tha t  the bedding surface  
emerged i n t e r m i t t a n l y , but not long enough to complete ly  dess icate  the 
exposed s u r fa c e s .  S t r o m a to l i t e s  o f f e r  f u r t h e r  evidence of shallow  
w a te r ,  a lthough they do not cons tra in  depth as much as runzelmarken.  
These s t r u c tu r e s  and processes are very c h a r a c t e r i s t i c  of t i d a l  f l a t  
environments ( K l e i n ,  1977; Reineck, 1972) .
The two f a c ie s  components, 1) th in n in g  and f i n i n g  upward sequences,  
and 2)  ta b u la r  n o n -c y c l ic  sandstone-mudstone in terbeds ,  probably  
r e f l e c t  d epo s i t ion  by somewhat d i f f e r e n t ,  a l b e i t  s p a t i a l l y  and 
tem pora l ly  over lapp ing  processes. Th inn ing  and f i n i n g  upward cycles  
w ith  l e n t i c u l a r ,  low angle cross bedded sandstone bases l i k e l y  formed 
in la rge  p a r t  by l a t e r a l  a c c re t io n  dur ing  t i d a l  channel m ig ra t io n  low 
on the f l a t s .  P lanar laminae formed in channel bottoms w h i le  low angle 
p lan ar  cross laminae formed low on p o in t  bars during e i t h e r  upper f low  
regime f lo w  or non-aggrading lower f low  regime f low  ( te rm ino logy  of  
Simons, Richardson, and Nord in ;  1965) .  Th is  second a l t e r n a t i v e ,  where
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p lan ar  laminae form by r i p p l e s  and dunes m ig r a t in g  a t  very low angles  
of c l imb (see Hunter ,  1 977 ) ,  is a t t r a c t i v e  since i t  exp la in s  the 
pa u c i ty  of preserved fo r e s e t  laminae in deposits  of (presumably)  low 
g ra d ie n t  channels.  The upper p o r t io n s  of th in n in g  and f i n i n g  upward 
c yc le s  may have formed higher on po in t  bars and on mud/sand f l a t s  by a 
combination of  sand depo s i t ion  during l a t e r a l  channel m ig ra t io n  and mud 
d epo s i t ion  during per iods  o f  low c u rre n t  v e l o c i t y  and standing w a te r .  
P re s e rv a t io n  of abundant v e r t i c a l l y  accre ted  sediment ( te rm ino logy  of 
Walker and Cant, 1979) in m ig r a t in g  channel systems in d ic a te s  slow 
channel m ig ra t io n  r a t e s ,  low channel q u a n t i t y ,  and/or  high sediment 
aggradat ion r a t e s .  These processes c h a r a c te r iz e  the upper, p ro tec ted  
reaches of t i d a l  f l a t  systems ( K l e i n ,  1977, Reineck, 1972) .
N o n -c y c l ic  t a b u la r  in terbeds  of f l a s e r  sandstone and wavy to 
l e n t i c u l a r  mudstone, l i k e  those a t  Trout  Creek, resemble upper po int  
bar and mixed f l a t  deposi ts  a t  Eddy Creek. The absence of t h i c k ,  sandy 
cycle  bases at Trout  Creek in d ic a te s  tha t  channels may have been absent 
or very sparse. In  c o n t r a s t ,  v e r t i c a l  a c c re t io n  deposits  of the upper 
t i d a l  f l a t s  predominate. A l t e r n a t i v e l y ,  the ta b u la r  charac te r  bedding  
and the presence of  f l a s e r  beds may s i g n i f y  tha t  channels were shallow  
and m igra ted  s lo w ly ,  such th a t  channel bottom deposits  were complete ly  
reworked during  p o in t  bar p ro g ra d a t io n .  S t r o m a to l i t e  beds o f f e r  
f u r t h e r  evidence tha t  v ig o ro u s ly  m ig r a t in g  channels w e re n ' t  present in 
t h i s  paleogeographic s e t t i n g .  S i l i c i f i e d  l imestone i n t r a c l a s t s  or 
p e l l o i d s  in t h i s  f a c ie s  may represent  reworked pieces of a lga l  mat.
At the top of  t h i s  f a c i e s ,  a t  Johnson Gulch, r e l a t i v e l y  uniform
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black s i l t s t o n e  f i r s t  appears in terbedded w i th  c le a n ,  w h i te ,  cross 
bedded sandstone, in t e r p r e t e d  as lower f l a t  channel de po s i ts .  Fa in t  
p lan ar  lam inat ion  and graded bedding, both d iag nos t ic  of deposi t ion  
from suspension,  c h a r a c te r i z e  most of the s i l t s t o n e .  Th is  s i l t s t o n e  
may have accumulated in a r e s t r i c t e d  t i d a l  lagoon Just seaward of the 
i n t e r t i d a l  f l a t s .  L o c a l l y ,  coarse s i l t  bases conta in  t runcated planar  
laminae, in d ic a t i v e  of rework ing .  Large saucer shaped in te r fe re n c e  
r i p p l e s  in the middle of t h i s  in te r v a l  in d ic a te  waves oc c as io n a l ly  
pe ne tra ted  to the bottom. One slump may have formed by co l lapse  of 
low i n t e r t i d a l  or s u b t id a l  channel banks.
In summary, I  i n t e r p r e t  t h i s  f a c ie s  to have been deposited in a 
mixed t i d a l  f l a t  s e t t i n g  w i th  at le a s t  two subenvironments. Channels 
and channel m ig ra t io n  were important  components and processes,  
r e s p e c t i v e l y ,  in lower or more seaward areas of the system. The 
uppermost black s i l t s t o n e  probably  formed in subt ida l  reaches of th is  
lower f l a t  a rea .  In the upper, landward reaches of  the system, f l a t s  
were e i t h e r  f l a t  ( l i t e r a l l y ) ,  or perhaps d isec ted  by a few shallow  
channels.  These upper r e s t r i c t e d  reg ions were s i t e s  of gent le  sediment 
rework ing ,  but were s ta b le  enough to a l lo w  upward growth of 
s t r o m a t o l i t i c  a lg a l  heads.
Sediment rework ing ,  r a th e r  than ep isod ic  sediment input ,  was the 
predominant process in both lower and upper f l a t  a reas .  Th is  process,  
m anifes ted  in abundant f l a s e r ,  l e n t i c u l a r ,  and wavy bedding, is 
in d ic a t i v e  of  p e r s is t e n t  sediment a g i t a t i o n  by t id e s  (Reineck and 
Singh, 1980) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
34
There are two hypotheses on the o r ig in  of la rge  megaripples w i th  
I n te r n a l  mud laminae. The obvious i n t e r p r e t a t i o n  is that  they 
repres e n t  a ra re  p re s e rv a t io n  of  t i d a l  channel or t id a l  creek bedforms.  
Numerous r e a c t i v a t i o n  sur faces  in d ic a te  tha t  dune m igra t ion  stopped and 
s t a r t e d  a t  le a s t  severa l  t im es ,  undoubtedly due to f lu c t u a t i o n s  in 
t i d a l  c u r re n t  v e l o c i t y .  Hoi/iever, the f a c t s  tha t  only  one megaripple  
bed e x i s t s  in a cont inuous,  w e l l  exposed, hundred fo o t  sect ion and that  
the un der ly ing  scour sur face  is  very broad and f l a t  suggests tha t  the 
bedforms may have been m ig r a t in g  w e l l  up on the f l a t s  themselves. In 
t h i s  case, c urren t  pulses may have been generated by wind dr iven  storm 
c u r re n ts  during a high wind t id e  or storm. The apparent lack of 
subsequent m o d i f i c a t i o n ,  as might occur upon emergence of the f l a t s  
a f t e r  the storm t id e  ebbed, leads me to b e l ie v e  these are channel 
d eposi ts  r a th e r  than storm dr iven  bedforms.
Fac ies  Two: P lanar  bedded sandstone f a c ie s
Dark green, very f i n e  g ra in e d ,  plane laminated sandstone sharply  
o v e r l i e s  the uppermost b lack s i l t s t o n e .  Although muddy in terbeds l i e  
between these sandstones, t h i s  sharp boundary represents  the highest  
black s i l t s t o n e  f o r  hundreds of meters in the composite Garnet Range 
s e c t io n .  I i n t e r p r e t  t h i s  to mark the sharp change from deposi t ion  in 
a s e m i - r e s t r i c t e d ,  i n t e r t i d a l  to su b t id a l  s e t t i n g  to deposi t ion  in a 
more open, aera ted  shoreface environment. P lanar lam ina t ions ,  very low
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angle p lan ar  t ru n c a t io n  s u r fa c e s ,  and symmetric r i p p l e s  in d ic a te  tha t  
sandstone was probably  deposited by waves, po ss ib ly  w h o l ly  w i th in  the 
zone of breaking waves. One sandstone bed is capped by in te r fe re n c e  
r i p p l e s  w i th  ra indrop  im p r in ts ,  in d ic a t in g  tha t  sand bodies  
o c c a s io n a l ly  emerged as shoa ls .  Thin green shale in terbeds in d ic a te  
tha t  upper regime f low  was in te ru p te d  s p o r a d ic a l l y  by per iods of  
quiescence and suspension s e d im enta t ion ,  perhaps in the lee of shoal 
complexes. The abruptness w i th  which plane laminated sandstone passes 
to suspension deposited mud re q u i r e s  there to have been very shallow  
water  (c e n t im e te rs ? )  during  d e p o s i t io n .  V a r i a t i o n  in the thicknesses  
of mud la y e rs  from less  than one m i l l i m e t e r  to several cent im eters  
suggests tha t  the du ra t io n  of q u ie t  water  con d i t io n s  was non-rhythmic.
Th is  f a c ie s  was deposited in very shallow water  on the upper 
shoreface of a very low g ra d ie n t  inner s h e l f .  The low grad ient  
nearshore was in h e r i t e d  from the un der ly ing  coastal p la in  over which 
the nearshore system transgressed ( F i g .  1 0 ) ,  The low grad ien t  y ie ld e d  
shal low water  depths and consequently wave reworking and a g i t a t i o n  of  
sediment was v igorous .  The f in e  g ra in  s i z e ,  dark c o lo r ,  and presence 
of mud in these sandstones probably  s i g n i f i e s  t h e i r  d e r iv a t io n  from 
u n de r ly ing  coasta l  p l a i n  d e p o s i ts .  S w i f t  (1968 ,  1983) noted tha t  beach 
erosion and coastal  p l a i n  reworking are cixnmon processes occurr ing  
during t ra n s g re s s io n .
\
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D EPO SITIO N A L MODEL  
G ARN ET RANGE FORM ATION
REGRESSIONTRANSGRESSION
Figure 10. D eposit ional  model fo r  the Garnet Range Formation. Numbers 
r e f e r  to environments where l i t h o f a c i e s  1-4 were deposited.  
Note d i f f e r e n t  upper shoreface geometries during 
t ransgression and regress ion .  See tex t  for  a dd i t ion a l  
de s c r ip t io n s  of l i t h o f a c i e s .  Depths at l e f t  end of cross 
sect ions probably on the order of tens of meters.
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Facies  Three:  C y c l ic  hummocky bedded fa c ie s
Rhythmic sandstone-mudstone cycles  of the hummocky bedded fa c ie s  
comprise perhaps the most in t e r e s t i n g  deposits  in the Garnet Range 
Formation. Many workers have speculated on the o r ig in  of s im i l a r  sheet 
sandstones in depo s i ts  from anc ient  shallow marine environments (see 
Golding and Br idges,  1973; Brenchley e t .  a l . ,1979; fo r  e x c e l le n t  
summaries).  Most a t t r i b u t e  t ran s p o r t  and reworking of these deposits  
to storms, sometimes coupled w i th  t i d a l  ebb (Anderton, 1976) and/or  
t u r b i d i t y  c u r ren ts  (W a lker ,  1 979 ) .  More r e c e n t l y ,  a t t e n t io n  has been 
focussed on the modes and mechanisms of hummocky cross s t r a t i f i c a t i o n  
format ion in these s e t t i n g s  (D o t t  and Bourgeois, 1982; Hunter and 
C l i f t o n ,  1982; S w i f t ,  1 983 ) .  Generation of t h i s  s t ru c tu re  has a lso  
been a t t r i b u t e d  to storms, b u t ,  as w i th  the s h e e t l i k e  sand bodies  
enc los ing  i t ,  the i d e n t i t y  and prec ise  r o le  of c o n t r o l l i n g  hydrodynamic 
mechanisms are not we l l  known. U n fo r tu n a te ly ,  eng ineer ing  c o n s t ra in ts  
on la rge  bedform genera t ion  in f lumes and the hazards involved w i th  
offshore  s tud ies  during  storms have precluded d i r e c t  observat ion of 
fo rm at iv e  processes in modern environments and flumes.
In l i g h t  of the aforementioned problems, i t  would be impossible to  
t r e a t  J u s t i f i a b l y  the c y c l ic  hummocky bedded fa c ie s  in ju s t  a few 
pages. T h e r e fo r e ,  I have included a separate  chapter  ( t h r e e )  in th is  
th e s is  which dea ls  w i th  the processes and problems of sediment 
t r a n s p o r t  during storms in g r e a te r  d e t a i l .  The in t e r p r e t a t io n s  
presented here ,  in Chapter One, are a b r i e f  summary of those in Chapter  
T h r e e .
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Sharp bases, t e x tu r a l  s iz e  grading and an upward decrease in the 
scale  o-f sedimentary  s t r u c tu r e s  in t y p ic a l  t r i p a r t i t e  sandstone beds 
imply th a t  sand was deposited during the waning stages o-f ep isodic  
events ,  probably  storms. P lanar  bedded f in e  gra ined sand w i th  mud 
chips and pebbles was deposited w i t h in  the upper f low  regime e a r l y  in 
the d e p o s i t io n a l  even t .  Large scour and f i l l  s t ru c tu re s  (hummocky 
beds) capped by small symmetric r i p p l e s  record  waning f low v e l o c i t y ,  
along w i th  decreased sediment t ra n s p o r t  and increased sediment 
reworking on the d e p o s i t io n a l  i n t e r f a c e .  Increased concentra t ions  of 
d e t r i t a l  mica in the upper halves of sandstone beds f u r t h e r  r e f l e c t  
decreased f lo w  v e l o c i t y  during the waning stages of d e p o s i t io n .
Rare preserved megaripple  fo r e s e ts  in the plane bedded bases of 
severa l  t r i p a r t i t e  sandstone beds suggest e a r l y  storm cur ren ts  were 
u n i d i r e c t i o n a l .  Most workers b e l ie v e  hummocky beds form by scour and 
f i l l  dur ing combined u n i d i r e c t i o n a l  and o s c i l l a t o r y  f lo w  ( S w i f t ,  1983; 
Hunter and C l i f t o n ,  1982; Dott  and Bourgeois, 1982) .  Wave r ip p le d  tops 
on many sandstone beds in d ic a te  tha t  c u r re n ts  in t e r a c t in g  w i th  the bed 
were o f te n  pu re ly  o s c i l l a t o r y  at  the ends of storms.
A scenar io  in which e a r l y  u n id i r e c t i o n a l  storm cur ren ts  l a t e r  give  
way to o s c i l l a t o r y  f lo w  is  best accounted fo r  in models r e c e n t ly  
o u t l in e d  by Brenchley e t  ai ( 1 9 7 9 ) ,  Morton (1 9 8 1 ) ,  and Swif t  ( 1 9 8 3 ) .  
These workers in t e r p r e t e d  e a r l y  sediment e n t r a in in g  storm c u r re n ts  to 
have been alongshore or o f fshore  d i r e c t e d  bottom responses to wind 
d r i f t  sur face  c u r r e n ts .  As storms approach c o a s t l in e s ,  surface water  
is  o f te n  blown shoreward or alongshore by hurr icane  force  winds. Much
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o-f t h i s  water  c i r c u l a t e s  back o f fshore  as bottom re tu rn  c u r re n ts .
Murray <1970) measured bottom re tu rn  c u r re n t  v e l o c i t i e s  of up to 160 
cm/sec contemporaneous w i th  onshore blowing winds during Hurricane  
Cam il le  in the Gulf  of  Mexico in 1969. Offshore d i r e c te d  bottom 
cu r re n ts  have a lso  been documented by Creager and Sternberg (1 9 7 4 ) ,  and 
Smith and Hopkins ( 1 9 7 4 ) .  L a t e r ,  as storms move landward, deeply  
p e n e t r a t in g  storm waves rework in place sediment p re v io u s ly  deposited  
by bottom c u r r e n ts .  L a te r a l  sediment t ran s p o r t  during t h i s  la t e  stage  
may be n e g l i g t b l e .
Most of the mudstone in sandstone-mudstone cyc les  was probably  
deposited from suspension between ep isodic  storm events .  However, mud 
deposited a t  the ends of storms is  o f te n  impossible to d is t in g u is h  from 
th a t  deposited between storms. Massive black s i l t s t o n e ,  which 
comprises most of many “ in ters torm " beds, probably  s i g n i f i e s  a 
s t r a t i f i e d  inner s h e l f .  Bottom water  may have been oxygenated only  
during  storms. Thin sandstone beds in t h i s  in te r v a l  most l i k e l y  
represent  small storm d e p o s i ts .
In summary, I i n t e r p r e t  t h i s  f a c ie s  to have formed on the lower 
shoreface of a storm dominated inner s h e l f .  S i g n i f i c a n t  l a t e r a l  
t ra n s p o r t  of sand c h a r a c te r i z e d  e a r l y  storm processes w h i le  sediment 
reworking was most p r e v a le n t  l a t e  in the storm. Mud was deposited at  
the ends of  storms and between storms. These deposits  resemble shallow  
marine deposi ts  described by Brenchley e t .  a l .  ( 1 9 7 9 ) ,  Cant ( 1 9 8 0 ) ,  and 
Hobday and Morton ( 1 9 8 1 ) .
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Facies  Four: Hummocky and cross bedded fa c ie s
T h is  f a c ie s  re p res e n ts  a t r a n s i t i o n  between the lower shoreface  
d epo s i ts  of  f a c ie s  three and cross bedded deposi ts  of  probable f l u v i a l  
o r i g i n  in the P i l c h e r  Q u a r t z i t e  above. Many f e a tu re s  of t h i s  fa c ie s  
are v i r t u a l l y  id e n t ic a l  to those of the under ly ing  f a c ie s  and need no 
f u r t h e r  comment. In a d d i t i o n ,  though, t h i s  f a c ie s  has an a r ra y  of  
f e a tu r e s  not observed below.
The most obvious of these are la rge  megaripples that  occur both as 
s c a t te r e d  is o la te d  bedforms and l o c a l l y  as grouped composite bedforms. 
As a group, these bedforms owe t h e i r  genesis to a complex in te r a c t io n  
between severa l  nearshore processes. Based on o r ie n t a t io n s  of unimodal 
rose diagrams from f l u v i a l  P i l c h e r  sandstones, the shore l ine  was 
probably  o r ie n te d  roughly  ENE-WSW ( F i g .  9 ) .  Polymodal roses from the 
upper Garnet Range probably  r e f l e c t  a combination of longshore bedform 
m ig r a t io n ,  probably  dur ing  storms, and o f fshore  bedform m igra t ion  
<NM4>, po ss ib ly  by r i p  c u r r e n ts ,  t i d a l  c u r r e n ts ,  or w i n d - d r i f t  bottom 
r e tu r n  c u r r e n t s .  Flood and ebb t i d a l  cur ren ts  are represented in 
severa l  se ts  of la rge  scale  p lanar  ta b u la r  herr ingbone cross beds near 
the top of  t h i s  f a c i e s .  South d i r e c t e d  c urren t  in d ic a to r s ,  subordinate  
to alongshore and o f fs h o re  d i r e c t e d  fe a tu r e s ,  may represent  f lo o d  t id a l  
deposi ts  or perhaps landward d i r e c t e d  shoreface bedforms s i m i l a r  to 
those described by C l i f t o n  e t .  a l .  ( 1 9 7 1 ) ,  and Hunter e t .  a l .  ( 1 9 7 9 ) .
A two meter th ick  s t ru c tu re  resembling swaley cross s t r a t i f i c a t i o n  
(SCS) l i e s  near the top of the Wisherd Bridge s e c t io n .  Leckie and 
Walker (1982)  in te r p r e te d  t h i s  type of s t r u c tu r e  as a s ha l low e r ,  more
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proximal v a r i e t y  of  hummocky cross s t r a t i f i c a t i o n  in which bed top 
reworking may have been continuous so tha t  hummock tops were planed  
o f f .  The lack of f i n e  gra ined in terbeds a lso  c h a r a c te r iz e s  t h i s  
s t r u c t u r e .
Low ang le ,  p a r a l l e l  lam inated ,  medium g ra in e d ,  v i t r e o u s  sandstone 
along Bear Creek may be beach d e p o s i ts .  The general absence of beach 
deposi ts  in measured se ct ions  suggests the nearshore may have had a 
complex c o n f i g u r a t io n ,  perhaps due to s i g n i f i c a n t  t i d a l  in f lu e n c e .
In summary, the hummocky and cross bedded f a c ie s  of the Garnet  
Range formed l a r g e l y  on the upper shoreface of the B e l t  Sea. Upper 
p a r ts  of  the f a c ie s  were deposited in t i d a l  channels and perhaps on 
beaches. The t r a n s i t i o n  from the wave dominated shoreface deposits  of  
Garnet Range to the f l u v i a l  deposi ts  of the P i l c h e r  Q u a r tz i te  spans 
severa l  hundred f e e t  of  s e c t io n ,  and probably  represents  progradat ion  
of a sandy d e l t a i c  system out over the inner s h e l f  on the southeast  
margin of  the B e l t  Sea. More work is  needed, s p e c i f i c a l l y  w i th in  the 
P i lc h e r  Q u a r t z i t e ,  in order to r e f i n e  f u r t h e r  or r e v is e  th is  model.  
Figure  10, d i a g r a m a t ic a l1 y i l l u s t r a t i n g  the r e la t io n s h ip s  between 
f a c ie s  and deposit  ional environments, undoubtedly dep ic ts  t h i s  d e l t a  i r. 
o v e r s i m p l i f i e d  form.
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CHAPTER TWO: STRATI GRAPHIC SYNTHESIS 
Transgress i  on-Rgoressi on
The succession of -facies documented in the Garnet Range near i t s  
type l o c a l i t y  in d ic a te s  a v e r t i c a l  t r a n s i t i o n  from red d e l t a  p la in  
sediments of the upper MacNamara Formation through marine margin 
deposi ts  to  lower shoreface or inner s h e l f  deposi ts  in the middle of 
the Garnet Range Formation. The lack of w e l l  developed beaches or a 
t ran sgress !ve  d isconforro ity  in t h i s  in te r v a l  suggests the coastal p la in  
and nearshore were r e l a t i v e l y  muddy, perhaps s im i l a r  to the modern 
Louis iana  chenier  p l a i n ,  the Colorado River  d e l t a  (Thompson, 1 968 ) ,  or 
the Devonian C a t s k i l l  D e l ta  (Walker and Harms, 1971) .  At some point  
t h i s  t ran sgress !ve  t rend  slowed and was reversed by progradat ion of the 
P i lc h e r  f l u v i a l - d e l t a i c  system.
Whether the d e l t a  e x is te d  during the i n i t i a l  t ransgress ion is 
unknown. I f  i t  d i d ,  the nearshore marine slope probably  remained 
r e l a t i v e l y  f l a t ,  as d e l t a  f r o n t  o u tb u i ld in g  was suppressed by r e l a t i v e  
sea le v e l  r i s e .  The e f f e c t  of  t h i s  t ransgress!ve  p lan at ion  is seen in 
the marked absence of c u r ren t  generated bedforms in fa c ie s  two. Facies  
two and f a c ie s  four  were both deposi ted  in upper shoreface s e t t i n g s ,  
but conta in  d r a s t i c a l l y  d i f f e r e n t  amounts of l a r g e ,  curren t  generated  
bedforms. The r e l a t i v e l y  steep shoreface shoreface imparted to the 
inner s h e l f  by a prograding d e l t a  f r o n t  during  deposi t ion  of fa c ie s  
four  y ie ld e d  s u f f i c i e n t  depth f o r  c u r re n ts  and bedforms to move below
42
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the l i m i t  of d a i l y  wave d e s t r u c t io n  ( F i g .  1 0 ) .  Abundant hummocky 
bedding, deposited during combined u n i d i r e c t i o n a l  and o s c i l l a t o r y  f  1 ,  
a ls o  formed in t h i s  s e t t i n g .  On the s h a l lo w e r ,  low g r a d ie n t ,  
t ran sgress !ve  s h e l f  associa ted  w i th  f a c ie s  two, on the other hand, 
waves were b e t t e r  able  to dominate sediment movement on the shoreface.  
The preponderance of f l a t  to  low angle wave a c c re t io n  surfaces w i th  
very th in  mud p a r t in g s  r e f l e c t s  the lower g ra d ie n t  present during  
t ran sgress !ve  d epo s i t ion  of f a c ie s  two. The s l i g h t l y  la rg e r  gra in  s ize  
of f a c ie s  four  shoreface deposi ts  w i th  respect  to f a c ie s  two deposits  
is f u r t h e r  evidence tha t  t ransgress ion  of f a c ie s  two was marked by 
coastal  p l a i n  e ros ion and sediment reworking w h i le  progradat ion of  
f a c ie s  four  was marked by f i r s t  cycle  d e l i v e r y  of sand to the bas in .
F i r s t  order t ransgress ions  w i t h in  the B e l t  include the Pr ichard  
Formation over c r y s t a l l i n e  basement, the Middle  B e l t  Carbonate over 
red beds of  the S t .  Regis and Spokane Formations, and L ibby/Garnet  
Range green beds over MacNamara red beds ( F i g .  2 ) .  The Garnet Range 
t ransgress ion  Is  unique in tha t  i t  records the f i r s t  appearance of a 
wide,  tu rb u le n t  nearshore environment in the B e l t .  The tremendous 
q u a n t i t y  of sand t ra n s p o r te d  out onto the s h e l f  during t h i s  
t ransgress ion  f a r  surpassed th a t  in preceding t ransgress ions .  Even 
during depo s i t ion  o f  the dark ,  si I i c i c l a s t i c ,  t u r b i d i t e  fan deposits  of 
the P r ic h a rd  Formation, to which the Garnet Range has been l ikened  
(Smith and Barnes, 1 9 66 ) ,  shal low water  shelves were r e p o r te d ly  s i t e s  
of carbonate (F inch and Baldwin, 1984) and o i l  shale (Winston, 1984) 
d e p o s i t io n .  Whether the storm dominated si I i c i c l a s t i c  deposi t ions!
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
44
system in troduced dur ing  the Garnet Range transgress ion re s u l te d  simply  
from a complex ( c o in c i d e n t a l? )  in t e r p l a y  between c l im a t ic  
d e t e r i o r a t i o n ,  increased te r r ig e n o u s  c l a s t i c  in p u t ,  and coastal  
t ran sgress io n  or whether i t  r e f l e c t s  a fundamental change in B e l t  Basin 
t e c to n ic  c o n f ig u r a t io n  and s t y l e  of sedimentat ion is unknown. Perhaps 
t h i s  change s ig n a ls  the f i r s t  wholesale  marine inundation of the Bel t  
Basin .  T h is  problem, although d i f f i c u l t  to answer, poses many 
in t e r e s t i n g  quest ions concerning the la t e  e v o lu t io n  of the B e l t  Basin.
T i des
Given the absence of p a le o n to lo g ic a l  d a ta ,  t i d a l  deposits  
represent  one of the few c r i t e r i a  a v a i l a b l e  by which to d is t in g u is h  
marine from non-marine dep o s i ts  in Precambrian rocks.  Among the 
evidence c i t e d  by o ther  workers fo r  Precambrian marine deposi t ion  are  
g la u c o n i te ,  long symmetric r i p p l e  wavelengths,  non-channeled sheet  
sand f lo w ,  and widespread f l a t  erosion surfaces  (Anderton ,1976;
Level 1, 1980; Hobday and Reading, 1972) .  Winston, whose s tud ies  
w i t h in  the Missoula  Group have lead him to regard the B e l t  basin as 
i n t r a c r a t o n i c , b e l i e v e s  nearshore water  le v e l  f l u c t u t i o n s  were 
responses to wind t id e s  r a th e r  than d iu rn a l  and semi-d iurna l  ocean 
t id e s  (Winston,  1 984 ) .  Mauk (1 9 8 3 ) ,  who compiled a b im o d a l -b ip o la r  
c u r r e n t  d i s t r i b u t i o n  from cross bed measurements in the Revett  
Formation,  in t e r p r e te d  the B e l t  Sea as m arine .  Harr ison (1972)  and
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Harr ison  e t . a l . <1974) are a ls o  proponents of a marine i n t e r p r e t a t i o n .  
Stewart  (1976 )  quest ioned evidence fo r  the ex is tence  of an adjacent  
ocean basin during B e l t  d e p o s i t io n .  He b e l ie v e d  the B e l t  and other  
Middle  P ro te ro zo ic  basins of the western U.S. were deposited in 
e p ic r a t o n ic  troughs.
In  the Garnet Range, r e a c t i v a t e d  m egar ipp les ,  herringbone cross 
beds, f l a s e r  bedded muddy sandstones, ladderback r i p p l e s ,  polymodal to 
b im o d a l -b ip o la r  c u r ren t  d i s t r i b u t i o n s  and th in n in g ,  f i n i n g  upward 
sequences comprise a s u i t e  of  fe a tu r e s  c e r t a i n l y  formed by d iurna l  
t i d e s .  Whether t i d a l  depo s i ts  are r e s t r i c t e d  s o le l y  to the top of the 
B e l t  awaits  f u r t h e r  study in o ther  nearshore B e l t  sediments. I f  they 
a r e ,  they s i g n i f y  a fundamental change in the p a t te rn  of sedimentat ion  
and perhaps c o n f i g u r a t io n ,  o r i e n t a t i o n ,  and paleoceanographic a f f i n i t y  
of the B e l t  Basin l a t e  in i t s  h i s t o r y .  Namely, the Garnet Range 
may record  the f i r s t  time in the h i s t o r y  of B e l t  sedimentat ion th a t  the 
basin was an in t im ate  p a r t  of an open marine rea lm. Th is  w i l l  be 
discussed in more d e t a i l  in a l a t e r  s e c t io n .
Storm Deposi ts
Recognit ion of  o f fshore  storm depo s i ts  has proceeded v ig o ro u s ly  in 
recent  years  (G o ld r in g  and Br idges ,  1973; Brenchley et a l ,  1979; Dott  
and Bourgeois, 1 9 82 ) .  Most o f  these are from Phanerozoic deposits  
w ith  probably  the g r e a te s t  re p o r te d  from the Cretaceous System.
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Precambrian storm deposi ts  have been re por te d  from Norway (Tucker ,
1982} L e v e l ! ,  1980; Johnson, 1977; Hobday and Reading, 1972) and 
Scotland (Anderton,  1 9 76 ) .  Anderton 's  study in d ic a te s  tha t  t i d a l  
processes accompanied storm processes during depo s i t ion  of the Jura  
Q u a r t z i t e  of the S c o t t is h  D a l r a d ie n .  Although the d e t a i l s  of those 
deposi ts  d i f f e r  markedly from the Garnet Range, they help d is p e l l  the 
myths tha t  some sedimentary processes ( e . g . ,  wind,  storms, t id e s )  were 
d i f f e r e n t  or in a c t iv e  in the P r o te r o z o ic .
The Garnet Range Formation conta ins  the only storm dominated 
si 1 i c i c l a s t i c  s h e l f  deposi ts  in more than 15km of B e l t  rocks.
Acceptance of the concept of event d e p o s i t io n ,  such as during storms,  
c a r r i e s  important  im p l ic a t io n s  fo r  the s t r a t i g r a p h i e  record of shallow  
marine d e p o s i ts .  In  these s e t t i n g s ,  as in ,  fo r  example, t u r b i d i t e  
bas ins ,  most sediment is deposited during  g e o l o g i c a l ly  instantaneous  
( c a ta s t r o p h ic )  events ( S e i l â c h e r ,  1 9 82 ) .  The s t r a t i g r a p h i e  record of 
these environments is  f a r  from the id e a l i z e d  ledger of slow,  
p e r s i s t e n t ,  steady marine d e p o s i t io n .  R ather ,  i t  records the 
a l t e r n a t i o n  of punctuated catastroph ism  and long per iods of quiescence.  
Recognit ion of t h i s  process has lead to the concept of c a ta s t ro p h ic  
uni fo r m i ta r ia n is m  (see Kumar and Sanders, 1976, Brenner and Davies ,
1 9 73 ) ,  which says, in e f f e c t ,  th a t  the s t r a t i g r a p h i e  record  
d i s p r o p o r t io n a t e l y  preserves e x c e p t io n a l ,  la rge  magnitude events.
T h is  process is  n i c e l y  i l l u s t r a t e d  in the shallow marine deposits  of 
the Garnet Range.
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Sedim enta t ion ,  t e c t o n ic s ,  and age of the top of the B e l t
Some prev ious workers (Smith and Barnes, 1966; Winston, 1977; 
Ble iwas ,  1977) have recognized d i f f e r e n c e s  between the Garnet Range and 
other B e l t  u n i t s .  Smith and Barnes proposed tha t  the Garnet Range was 
deposited in deeper water  c o n d i t io n s  s im i l a r  to  those in which the 
P r ic h a rd  and Wallace fo rm at ions  were deposi ted .  They f e l t  the Garnet 
Range should be separated  as a " f i f t h  B e l t  group" since i t  beared such 
l i t t l e  resemblance to the Missoula  Group as a whole. I concur w i th  
t h e i r  p r o p o s a l . Winston <1983, pers .  comm.) proposed that  an 
unconformity  may separate  the Garnet Range from the Misoula  Group 
below, and tha t  the Garnet Range re pres e nts  a much d i f f e r e n t  s t y le  of  
sedimentat ion than th a t  recorded b e lo w . . Reconnaissance study of t h i s  
t r a n s i t i o n  a t  A lb e r to n ,  Bear Creek, Trout  Creek, and in the Jocko 
Mountains (Watson, pers .  comm., 1983) has produced no evidence of an 
unconform ity .  A very  sharp contact  between red cross bedded sandstone 
of the MacNamara Formation and r u s ty  brown f i n e  gra ined  Garnet Range 
sandstone near P h i1 1 ipsburg may be p a r t  of a loca l  t ransgress ive  
ravinement surface (see S w i f t ,  1 968 ) .  N e i th e r  Smith and Barnes nor 
Ble iwas,  who s tu d ied  the MacNamara-Garnet Range t r a n s i t i o n  in d e t a i l ,  
recognized an unconformity  below the Garnet Range. Bleiwas did argue,  
however, f o r  a change in source t e r r a i n  as evidenced by the dramatic  
increase in d e t r i t a l  mica c onc e ntra t ion  in the Garnet Range. Several  
l i n e s  o f  reasoning force  me to d isagree  w i th  B le iwas '  i n t e r p r e t a t i o n  
of a new source. Since the contact  w i th  the MacNamara is conformable,  
the sharp t r a n s i t i o n  from mica poor to mica r ic h  s t r a t a  co incides  w i t h ,
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and most l i k e l y  r e f l e c t s  the t r a n s i t i o n  to marine or marine marginal  
f a c i e s .  Micaceous nearshore and d e l t a i c  sands are common on the 
M is s is s ip p i  D e l ta  ( e . g . ,  Coleman and P r io r  1980, p . 5 8 ) ,  yet are ra re  on 
r i v e r  f lo o d p l a in s  h igher  in the drainage bas in .  Furthermore, mica is 
present  in other  M issoula  Group rocks,  e s p e c i a l l y  in sandier  i n t e r v a l s .  
Mica was probably  r e ta in e d  in channels in the Missoula Group 
d e p o s i t io n a l  s y s te m (s ) ,  which is  why i t  is  so sparse in the d e l t a  p la in  
sediments of the upper MacNamara. A ls o ,  mica was l i k e l y  to have been 
p r e f e r e n t i a l l y  f lu sh ed  out of  the channel systems in to  nearshore marine  
environments.
Since the Garnet Range conformably o v e r l i e s  the r e s t  of the 
Missoula  Group, the quest ion beccwnes: what t e c to n ic  c o n t ro ls  changed to 
a l lo w  marine t ransgress ion  in to  the B e l t  Basin fo r  the f i r s t  time?
P r ice  (1984)  proposed th a t  the B e l t  was deposited on the r i f t e d  edge of 
the P ro te ro zo ic  North  American c ra to n .  Winston (1984)  agreed w i th  the 
r i f t  i n t e r p r e t a t i o n ,  but noted th a t  sediment was der ived  from a western 
landmass at  le a s t  up through d epo s i t ion  of the Middle  Be l t  Carbonate.  
The Garnet Range, c o n ta in in g  the lowest open marine deposits  in the 
B e l t ,  may record the complete disappearance of the western landmass as 
a te c to n ic  h igh lan d .  Whether the western landmass was t e c t o n i c a l l y  
t r a n s la t e d  or simply denuded and submerged is  unknown. The reg ional  
unconformity  a t  the top of the B e l t  (discussed be low) ,  which cuts  
through m i l d l y  warped , metamorphosed and f a u l t e d  Bel t  rocks,  in d ic a te s  
th a t  a g e n t le  f o l d in g  ev en t ,  termed the East Kootenay orogeny (McMechan 
and P r i c e ,  1 982 ) ,  occurred at  some l a t e r  t im e .  Th is  a l l  occurred p r io r
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to Late P ro te ro zo ic  r i f t i n g  th a t  i n i t i a t e d  formation of the C o r d i l le r a n  
m iogeocl ine  (McMechan and P r ic e ,  1982; S te w a r t ,  1976) .
Whether tr.e B e l t  records an o l d e r ,  u n re la te d  r i f t i n g  event or the 
onset of l o n g - l i v e d  r i f t i n g  tnat  u l t i m a t e l y  culminated in Windermere 
de po s i t ion  remains one of the unanswered quest ions surrounding the 
P ro te ro zo ic  of the western U.S. Some workers ( e . g . ,  B a l la r d  e t . a l . ,  
1983) have contended tha t  the top of the B e l t  in Montana is 
t i m e - c o r r e l a t i v e  w i th  the Windermere and may even conformably un d e r l ie  
the Cambrian. Data from the Garnet Range constra in  these c o n te n t io n s .
0 bradovich and Petermen (1968)  dated a s i l l  c u t t in g  the Garnet Range 
near A lb e r to n  at  750m.y. E ls ton  and B ress le r  (1980)  used paleomagnetic  
data to proc la im  an age of 1300m.y. fo r  the Garnet Range and P i l c h e r .  
These workers and McMechan and P r ic e  (1982)  agree th a t  a s i g n i f i c a n t  
h ia tu s  e x i s t s  between the basal Cambrian and the top of the B e l t .
T h e i r  evidence,  coupled w i th  s trong negat ive  evidence in the form of 
metazoan absence in marine de po s i ts  of the Garnet Range make the 
l i k e l i h o o d  of a conformable Belt -Cambrian c o n ta c t ,  as repor ted  by 
B a l la r d  e t . a l .  ( 1 9 8 3 ) ,  Winston ( 1 9 7 3 ) ,  I l l i c h  and Winston (19??) ,  and 
Nelson and Dobell  ( 1 9 6 1 ) ,  very  remote, in s p i t e  of the fa c t  tha t  the 
contact  is  d i f f i c u l t  to  i d e n t i f y  in many areas (Nelson and D o b e l l ,
1961; I l l i c h ,  1966; Winston, 1 977 ) .
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Summary
The above i n t e r p r e t a t i o n s  lead to the important  conclusion that  
the Garnet Range is  m ar ine .  I f  the Garnet Range conta ins the lowermost 
marine deposi ts  in the B e l t ,  I t  c a r r i e s  important tec to n ic  
im p l ic a t io n s .  The Garnet Range appears to record the change in 
te c to n ic  c o n f ig u r a t io n  of the B e l t  Basin from in t r a c r a to n ic  or 
r e s t r i c t e d  marine to open m arine .  Th is  change may have r e s u l te d  from 
removal of a h igh land t e r r a i n  from the west side of the basin by e i t h e r  
t e c to n ic  t r a n s l a t i o n  or submergence. The marine i n t e r p r e t a t i o n  a lso  
c o n s tra in s  previous t h e o r ie s  on the age of the top of the B e l t .  In 
l i g h t  of  data from the Garnet Range, the top of the B e l t  could 
conceivab ly  be as young as Upper P r o te r o z o ic ,  but a l l  in d ic a t io n s  
suggest th a t  a la rge  <200-700 m .y . )  unconformity separates the B e l t  
from the Lower Cambrian. I t  Is  not yet possib le  to f u l l y  answer 
quest ions such as the age and paleogeographic and tec to n ic  s ig n i f ic a n c e  
of the top of the B e l t .  T h is  study lays groundwork f o r  fu tu re  s tud ies  
in t h i s  im portant ,  but r e l a t i v e l y  poor ly  understood in te r v a l  of the 
s t r a t i g r a p h i e  record  in the northwest United S ta te s .
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CHAPTER THREE: DYNAMICS OF STORM SEDIMENT TRANSPORT AND HUMMOCKY 
BEDDING F O R M A T G A R N E T  RANGE FORMATION
As mentioned in Chapter One, many quest ions surround the formation  
of o f fs h o re  storm deposi ted  sandstones. One question centers  on the 
t im ing  and mode of sediment t r a n s p o r t .  Three ideas are c u r r e n t ly  
popular ( F i g .  I I ) .  Hayes (1967 )  f i r s t  recognized a r e l a t i v e l y  th ick  
(30cm) sand la y e r  o f fs h o re  in the Gulf  of  Mexico as the product of  
Hurr icane C ar la  in 1961. His study and in t e r p r e t a t i o n  gave r i s e  to the 
concept of storm surge ebb. In Hayes' s c e n a r io ,  water  p i le d  up in 
coasta l  lagoons by h u rr ic a n e  force  winds l a t e r  discharges back over and 
between b a r r i e r  is lands  a f t e r  storm winds subside. These storm ebb 
c u r re n ts  r e p o r t e d ly  t ra n s p o r t  grea t  q u a n t i t i e s  of nearshore der ived  
sediment o f fs h o r e .  Since Hayes' s tudy ,  many workers have c a l l e d  upon 
some form of t h i s  mechanism to e x p la in  storm deposited sandstone in 
anc ient  shal low marine s e t t i n g s  (Brenner and Davies, 1973; Goldr ing and 
Bridges ,  1973; Reineck and Singh, 1972) .
An a l t e r n a t i v e ,  a l b e i t  not m u tu a l ly  e x c lus ive  process, has been 
advocated by Walker (1979 )  and Hamblin and Walker ( 1 9 8 1 ) ,  who proposed 
th a t  most sediment is  t ran s p o r te d  in storm dominated shallow marine 
environments by storm generated t u r b i d i t y  c u r r e n ts .  Offshore o r ie n te d  
d i r e c t i o n a l  sole marks on hummocky beds along w i th  subwave base 
t u r b i d i t e s  in ad jacent  paleoenvironments form the basis  fo r  the 
t u r b i d i t y  c u r re n t  f lo w  model.
A t h i r d  model,  proposed r e c e n t l y  by Morton ( 1 9 8 1 ) ,  incorporates  the
51
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3  Models of Sediment Transport During Storms
F.W.W.B.
S/ 0  r m  £ b  b
0 9 Mity Current Generation
FW W .B
S.W.B. W i n d  D r i v e n  B o t t o m  C u r r e "
Figure 11. Diagram showing three commonly c i t e d  models of sediment 
transport  during storms. The t h i r d  model is most 
compatable w i th  w i th  sedimentary sequences of Facies Three,  
Garnet Range Formation. F.W.W.B. is f a i r  weather wave 
base, S.UI.B. is storm wave base.
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process o-f sediment entra lnment and t ran s p o r t  by wind dr iven curren ts  
s p a t i a l l y  and tem p ora l ly  ahead of storm t r a c t s .  Morton, c i t i n g  
abundant oceanographic data as evidence ( e . g . ,  Murray,  1970) ,  
r e i n t e r p r e t e d  the Hurr icane C ar la  “deposit"  as the product of c e l l u l a r  
wind dr iven  coastal  c u r r e n t s .  S w i f t  (1983)  c a l l e d  upon s im i la r  coastal  
j e t s  to e x p la in  la rge  domal bedforms o f f  the east coast of North  
America, s igh ted  on s ide scan sonar. S w i f t  claimed the bedforms formed 
in p lace in response to combined u n id i r e c t io n a l  and o s c i l l a t o r y  f low  
during storms.
In t h i s  chapter  I w i l l  rev iew  the problems of storm sediment 
t ra n s p o r t  and hummocky bedding format ion as they apply to the Garnet 
Range Formation. My s p e c i f i c  aims are f o u r f o l d ;  1) To show that  the 
sandstone halves of  c y c l i c  deposi ts  in f a c ie s  three of the Garnet Range 
were deposited e p i s o d i c a l l y  by high v e l o c i t y  storm dr iven  cur ren ts  w i th  
both u n id i r e c t io n a l  and o s c i l l a t o r y  f low  components, 2) To show that  
u n id i r e c t io n a l  and o s c i l l a t o r y  f low overlapped during storms to form 
hummocky bedding; 3) To e x p la in  the o r ig in  of  the mud p o rt ion  of 
sandstone-mudstone cy c le s ;  and 4) To show tha t  nearshore sediment was 
t ran spor ted  before  and dur ing  storms, r a th e r  than a f t e r  them, as 
im pl ied  in many popular  but perhaps erroneous "storm surge ebb" 
i n t e r p r e t a t i o n s .
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Evidence of ep isodic  deposi t ion
Workers in Phanerozoic deep water storm deposits  a t t a i n  the wealth  
of t h e i r  evidence fo r  event or ep isod ic  deposi t ion  from biogenic  
c r i t e r i a  ( e . g . ,  Kumar and Sanders, 1976; Hobday and Morton, 1979; 
A ig n e r ,  1982; K re isa  and Bambach, 1982; S e i lâ c h e r ,  1982) .  Escape 
t r a c e s ,  no n -b io tu rb a ted  sand i n t e r v a l s ,  tool marks, and she l l  debr is  
accumulations are Just a few commonly c i t e d  examples of evidence fo r  
episodic  d e p o s i t io n .  Recognit ion of Precambrian storm deposits  is 
understandably more d i f f i c u l t .  Physical sedimentary s t ru c tu re s  and 
te x tu re s  c o n s t i t u t e  the only  sources of evidence on sedimentat ion ra te s  
and event frequency.
In g e n e r a l ,  sharp bases and the o v e r a l l  s ize  graded te x tu re  of 
in d iv id u a l  cyc les  is  the most d i r e c t  evidence fo r  episodic  d e p o s i t io n .  
Sedimentary s t r u c tu r e s  and t e x tu r e s ,  d e t a i l e d  below, in d ica te  that  sand 
commenced de p o s i t in g  under high f lo w  v e l o c i t i e s  coeval w i th  high but 
subsequently  decreasing sedimentat ion r a t e s .  These s t ru c tu re s  and 
te x tu re s  a lso suggest tha t  the r a t i o  of suspended load to bed load 
sedimentat ion increased from the beginning to the end of each 
d e p o s i t io n a l  e v e n t .  The sum of the f e a tu r e s  described below, w h i le  not 
d ia g n o s t ic ,  is s t rong support ing evidence of event depo s i t ion .
Plane laminated bases of ideal t r i p a r t i t e  sandstones were 
deposited in the upper f low regime, as evidenced by scoured bases,  
p a r t in g  l i n e a t  ion,  and m a tr ix  supported pebbles. Some is o la te d  black  
s i l t s t o n e  pebbles app a re n t ly  t r a v e l l e d  many meters during the storm 
since they do not resemble subjacent  l i t h o l o g i e s .  Moreover, other
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c l a s t s  are s c a t te r e d  ten or more cent im eters  above the base of the 
storm bed suggest ing they took longer to a r r i v e  at the deposi t ion  s i t e  
than much of  the sand.
In one bed, angle of repose cross beds formed by lower regime f  1 o«/̂  
are preserved a t  the base of these plane beds. Low angle cross beds, 
which may represent  preserved toese ts  of subsequently eroded 
m egar ipp les ,  occur at the bases of severa l  other  beds. Preservat ion  
of these is o la te d  lower f low regime crossbeds is c e r t a i n l y  the 
exception r a th e r  than the r u l e ,  probably  because most per iods of 
increas ing  c u r ren t  v e l o c i t i e s  were marked by net erosion ra th e r  than 
net d e p o s i t io n .  Although r a r e ,  these cross beds are s i g n i f i c a n t  since  
they record u n id i r e c t io n a l  f low  e a r l y  in the depo s i t ion a l  even t .
I n t e r p r e t a t i o n  of  t h i s  c u r re n t  as u n id i r e c t io n a l  a lso fo l lo w s  from 
severa l  o ther  l i n e s  of reason ing .  I f  gash shaped mud cracks formed by 
synaeres is  at  the sediment water  in t e r f a c e  during per iods of quiescence 
between storms, then t h e i r  p re s e rv a t io n  on the soles  of o v e r ly in g  
sandstone beds in d ic a te s  sand was deposited w i thout  scouring.  Storm 
deposited sediment must th e r e fo re  have been transpor ted  l a t e r a l l y  (by 
net u n id i r e c t io n a l  f lo w )  to the d epo s i t ion  s i t e .  Furthermore,  
accumulation of t h i s  f a c i e s  must n e c c e s a r i ly  have been accompanied by 
net u n i d i r e c t i o n a l  sediment t r a n s l a t i o n  in to  the deposi t iona l  
environment. Simple winnowing, as might happen during a short  l i v e d  
impingement of p u re ly  o s c i l l a t o r y  f low  on the s e a f lo o r ,  cannot account  
f o r  the hundreds of f e e t  of s t r a t a  in t h i s  f a c i e s .  The g re a tes t  
t ra n s p o r t  r a te s  and e n t ra in e d  sediment volumes l i k e l y  occurred when
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c u r r e n t  v e l o c i t i e s  were h ig h e s t ,  namely during upper stage plane bed 
•flow e a r l y  in the e v e n t .  E a r ly  u n id i r e c t io n a l  c u r re n ts  were probably  
more successful d e l i v e r i n g  sediment to the area than they were in 
m odify ing  the shape of the bed. As described below, scours are most 
pronounced in the middle of t y p ic a l  sandstone beds.
I t  is  po ss ib le  to i d e n t i f y  v a r i a t i o n s  in deposi t ion  ra te s  and 
t r a c t i o n  to suspended load r a t i o s  in the sandstone beds. These 
v a r i a b le s  are d i f f i c u l t  to  access in the lower plane bedded p a r ts  of  
sandstones where in te r n a l  scours are ra re  and lam inat ions  are s u b t le .  
Assessment is  e a s ie r  in the hummocky i n t e r v a l s .  There ,  " toesets"  of 
hummocky cross laminae commonly abut ta n g e n t ia l1 y  onto the s ides of 
scour troughs as i f  sediment had been swept in from an adjacent  
synchronously scoured swale . Toeset t ru n c a t io n  is c h a r a c t e r i s t i c  of  
n e i t h e r  laminae deposited from suspension nor upper stage plane bed 
laminae. R ather ,  these laminae l i k e l y  onlapped or downlapped during  
low v e l o c i t y  bedload d e p o s i t io n ,  or perhaps during some per iod of  
ccxnbined bedload and suspension d e p o s i t io n .  Toeset abutment onto the 
s ides of  swales, accompanied by s l i g h t  laminae th icken ing  in swale 
axes, f i l l e d  the swales and e v e n tu a l ly  lead to a progressive f l a t t e n i n g  
of laminae upwards in a sandstone bed. The passage of swale f i l l i n g  
toese ts  in the middle  of sandstone beds upward to laminae that  drape 
one or more hummocks and swales s ig n a ls  a t r a n s i t i o n  from predominantly  
scour and f i l l  sedimentat ion to suspension drape sedimentat ion a t  the 
end of sand d e p o s i t io n .  Erosional sur faces  decrease in abundance 
upwards w h i le  in d iv id u a l  laminae become more continuous, p la n a r ,  and
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th i n n e r .
In one common v a r i a t i o n  on the cycle  theme ( F i g .  7 ) ,  plane bedded 
sand/mica coup le ts  near the top of  the sandstone grade upward from 5mm 
th ic k  n e a r ly  pure bedload deposi ts  w i th  very l i t t l e  mica and c lay  to 
1mm th ic k  pure suspension deposits  of a l t e r n a t i n g  s i l t  and mica or 
c la y  laminae. In  these cases, i t  seems c le a r  th a t  d e l i v e r y  of  
suspended sediment to the bed continued long a f t e r  the bed was being  
reworked by c u r r e n ts .
In another ,  perhaps more common v a r i e t y  of the c y c le ,  sandstone 
tops are sharp and r i p p l e d .  I n t e r n a l l y ,  symmetric r ip p le s  often  
conta in  on ly  one d i r e c t i o n  of fo r e s e ts  and r a r e l y  i f  ever c l imb.
These r i p p l e s  suggest th a t  c u r re n ts  at  the ends of storms were 
o s c i l l a t o r y  or combined u n i d i r e c t i o n a l  and o s c i l l a t o r y .  Moreover, and 
in c o n t ra s t  to the sandstone tops described above, these r ip p le s  
in d ic a te  tha t  bed top reworking was able to " o u t la s t"  the deposit ion  
frcmt suspension of sediment e n t r a in e d  during a storm. So, i t  appears 
tha t  w h i le  some storms climaxed in voluminous suspension deposit ion  
from sediment charged water  dur ing  waning c urren t  f lo w ,  others were 
marked by bottom reworking tha t  p e r s is te d  longer than most en t ra ine d  
sediment could be held in suspension. The l a t t e r  case has important  
im p l ic a t io n s  fo r  the t im ing  of sediment t r a n s p o r t .  I ' l l  comment 
f u r t h e r  on t h i s  as w e l l  as the s ig n i f ic a n c e  of the apparent  
indépendance of  sediment t ra n s p o r t  and sediment reworking mechanisms in 
a l a t e r  s e c t io n .
The o r i g i n  of graded laminae can perhaps be best exp la ined  in t h is
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s cenar io  as records o-f in d iv id u a l  wave o s c i l l a t i o n s .  Laminae grading  
is best developed toward the tops o-f sandstone beds, where, as 
discussed above, bedload t ra n s p o r t  o-f sediment had d imin ished.  Hunter 
and C l i f t o n  <1982) proposed in d iv id u a l  wave o s c i l l a t i o n s  to account fo r  
s i m i l a r  graded laminae in hummocky deposits  in the Cretaceous Cape 
Sebastien Sandstone of Oregon. T h is  mechanism ex p la in s  how 
c o n s is t e n t l y  a l t e r n a t i n g  s iz e s  of sediment were d e l iv e r e d  to the bed, 
e i t h e r  accompanying or succeeding curren t  f low at  the sediment water  
i n t e r f a c e .  Waves at  the h e ig h ts  of  storms penetra ted  deeply and 
reworked the bed in to  hummocks. Wave o s c i l l a t i o n s  at  the ends of  
storms o f te n  deposi ted  th in  graded laminae and o c c a s io n a l ly  r ip p le d  the 
bed.
In summary, I ' v e  argued th a t  the sandstone halves of sandstone-  
mudstone cyc les  were deposi ted  by h igh ,  but subsequently decreasing  
v e l o c i t y  c u r re n ts  dur ing  per iods  of high sedimentation r a t e s .  E a r ly  in 
storms, sediment was t ra n s p o r te d  and deposited in upper plane bed f low  
by u n id i r e c t io n a l  c u r r e n ts .  L a t e r ,  sediment was deposited from 
suspension w h i le  the water  column o s c i l l a t e d  and the bed was reworked.  
These processes provide compell ing evidence f o r  storm generated  
ep isod ic  sand d e p o s i t io n .  N e x t ,  I w i l l  focus on the formation of 
hummocky cross s t r a t i f i c a t i o n  in the context  of the processes o u t l in e d  
above.
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Hummocky cross s t r a t i f i c a t i o n
Hummocky cross s t r a t i f i c a t i o n ,  the s t ru c tu re  so p reva len t  in the 
cores of  many Garnet Range sandstone beds, is  b e l ie v e d  by many workers  
to form below f a i r w e a th e r  wave base when large  storm waves impinge on 
the sea f l o o r  (W a lker ,  1979) .  Hummocky beds conta in  components of two 
magnitudes: la rge  hummocks and swales, best developed in the middle  
p a r ts  of t r i p a r t i t e  sandstone beds, and th in  laminae, which are  
t y p i c a l l y  most v i s i b l e  a t  the tops of t r i p a r t i t e  sandstone beds. As 
ex p la in ed  above, the laminae are commonly graded and b a s i c a l l y  f i l l  
and then mantle the la r g e r  scale  hummocks and swales, who's formation  
i s c o n t r o v e r s i a l .
Most workers agree tha t  hummocky bedding r e s u l t s  from large scale  
scour and f i l l .  T h e i r  in te r n a l  form discordant  s t ru c tu re  in d ica tes  
tha t  hummocks i n i t i a l l y  form as eros iona l  remnants between adjacent  
scour p i t s ,  r a th e r  than as a c c r e t io n a ry  k n o l l s .  Two questions about 
t h e i r  genesis  a re :  what k ind of f low  c rea te d  the f i r s t  order scours and 
hummocks?, and, do scours form as p a r ts  of  some la rg e r  scale  
hydrodynamic scheme, i . e . ,  are hummocks and scours a t tem pting  to become 
e q u i l ib r iu m  bedforms, or are the scours simply randomly m ig ra t in g  p i t s  
on the bed that  have l i t t l e  to do w i th  e q u i l ib r iu m  flow? Given the 
lack of f lume d a ta ,  the second question is  unanswered. Var ious workers  
have proposed tha t  hummocky beds are o s c i l l a t o r y  equ iva len ts  to 
u n i d i r e c t i o n a l  upper stage plane beds (D o t t  and Bourgeois, 1982) ,  
a nt id une s ,  o rd in a ry  megaripples m o d i f ie d  by wave o r b i t a l  motion ( S w i f t ,  
1 9 83 ) ,  and large  wave r i p p l e s  (Campbel l,  1966) .  Of these, the la t+ e r
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two seem most compatible w i th  the scour and - f i l l  geometry of laminae 
w i t h in  hummocky beds. The p o s s i b i l i t y  tha t  scour p i t s  migrate  
"randomly" r a th e r  than in response to some e q u i l ib r iu m  bedform 
propagation is a lso  p l a u s i b l e .
I t  may be a l i t t l e  e a s i e r ,  as w e l l  as more important ,  to deal w i th  
the f i r s t  q u es t io n .  As o u t l in e d  above, f low at  the base of sandstone-  
mudstone cycles  was almost c e r t a i n l y  w i th in  the upper f low regime and 
i t  was probably  in la rge  p a r t  u n i d i r e c t i o n a l .  As in d ica ted  by the 
absence of any c o n s is te n t  o r i e n t a t i o n  of "cross laminae", hummocky 
beds record  a t r a n s i t i o n  to non-uni d i r e c t io n a l  f lo w .  A lo g ic a l  f i r s t  
r e a c t io n  would be to i n t e r p r e t  t h i s  f low as o s c i l l a t o r y ,  e s p e c ia l ly  
since symmetric r i p p l e s  mantle many beds and p a r t in g  sur faces .  Graded 
laminae, i f  in t e r p r e te d  c o r r e c t l y ,  o f f e r  f u r t h e r  evidence of 
o s c i l l a t o r y  f 1 l a t e  in the d e p o s i t io n a l  episode. Shapes of hummocks 
and swales,  both roughly  c i r c u l a r  in p la n ,  a lso  suggest that no 
p r e fe r r e d  component or d i r e c t i o n  of f low e x is te d .  Carstens e t . a l .  
<1969) created  bedforms in flumes s i m i l a r  to those in the Garnet Range 
by high v e l o c i t y  o s c i l l a t o r y  f lo w  in f i n e  sand. The only apparent ly  
s i g n i f i c a n t  d i f f e r e n c e  between C ars tens '  f lume generated forms and 
hummocks observed in the Garnet Range is  s c a le — those formed in the 
f lume being at  l e a s t  an order of magnitude s m a l le r .
One could argue th a t  the lack o f  o r ie n te d  cross beds is not 
conclus ive  evidence of o s c i l l a t o r y  f lo w .  Indeed one could envis ion  
s i m i l a r  bedding forming from m ig r a t io n  of  scour p i t s  (o r  c e r ta in  
bedforms) in a h ig h ly  d isorgan ized  or m od i f ie d  u n id i r e c t io n a l  f lo w .
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In  f a c t ,  local  small l e n t i c u l a r  beds of angle of repose cross s t r a t a  in 
lower p a r ts  of hummocky beds provide good evidence fo r  at leas t  
temporary u n i d i r e c t i o n a l  f lo w .  Moreover, i t  is hard to e q u i l i b r a t e  a 
process tha t  y i e l d s  up to 20cm of erosion over broad bCAil shaped areas  
w ith  one th a t  almost s im ultaneously  deposits  t h i n ,  l a t e r a l l y  extensive  
laminae. In other  words, i t  is  u n l i k e l y  tha t  in d iv id u a l  wave o r b i t a l  
o s c i l l a t i o n s  produced deep broad scours w h i le  c o ncurren t ly  deposi t ing  
t h i n ,  even, graded drapes from suspension. More l i k e l y ,  wave o r b i t a l  
motion ac ted :  1) independently  to o s c i l l a t e  the top of the sediment 
laden water  column, and 2) in conjunct ion  w i th  a sediment e n t r a in in g  
bottom c u r re n t  to rework the bed in to  a complex hummocky 
c o n f ig u r a t io n .
Huiranocky cross s t r a t i f i c a t i o n  is  here in  in te r p r e te d  to have formed 
by complex superpos i t ion  of  l a r g e l y  u n id i r e c t io n a l  bottom cur ren ts  and 
wave generated o s c i l l a t o r y  water  column motion. In some ra re  cases,
hummocks may have m igra ted  l a t e r a l l y  in response to a net
u n id i r e c t io n a l  component of c u r r e n t .  Whether they simply t r a i l e d  along 
p a s s iv e ly  behind randomly m ig r a t in g  scour p i t s  or whether they 
themselves were a c t in g  as m ig r a t in g  bedforms in an " instantaneously"  
u n id i r e c t io n a l  c u r re n t  is  unknown.
In  summary, I have argued th a t  storm c urren ts  at any one s i t e  on 
the s e a f lo o r  began as l a r g e l y  u n id i r e c t io n a l  and a t ta in e d  g re a te r  
p ro p o r t io n s  of o s c i l l a t o r y  f low  through time before waning. Hummocky
bedding formed by scour and f i l l  in response to the overlap between
the two c u r ren t  regimes. Other s tu d ie s  tha t  reached s im i la r
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conclusions include those o f  Cant ( 1 9 8 0 ) ,  Brenchley et  al ( 1 9 7 9 ) ,  and 
Hobday and Morton ( 1 9 7 9 ) .
The mudstone p o r t io n  of sandstone-mudstone cycles
The top halves of sandstone-mudstone cycles  are s im i l a r  in many 
respects  to  the DE p o r t io n  of c la s s ic a l  t u r b i d i t e s .  They are  
considered here to be a s in g le  u n i t  because i t  is  v i r t u a l l y  impossible  
to separate  the mud th a t  f e l l  at the end of a r e l a t i v e l y  short l i v e d  
d e p o s i t io n a l  event such as a storm from p e la g ic  mud deposited slowly  
between even ts ,  over the course of perhaps tens or hundreds of years .  
Whereas g e o lo g is ts  working w i th  f o s s i l i f e r o u o s  rocks can separate D 
from E mud on the bas is  of a l loc thonous  versus autocthonous f o s s i l s ,  
B e l t  g e o lo g is ts  are fo rced  to lump the two. A lso ,  b io tu rb a t io n  c a n ' t  
be used as a c lock to time event frequency in Precambrian rocks.  
Consequently, Garnet Range storm/non-storm cyc les  encompass two 
l a y e r s — sandstone, mudstone, in c o n tra s t  to the three layer  sandstone-  
m udstone-b ioturbated zone cyc le s  so common in Phanerozoic rocks ( e . g . ,  
Hunter and C l i f t o n ,  1982) .
As mentioned above, some sand beds grade cont inuously  up in to  mud, 
w h i le  o thers  are o v e r la in  s harp ly  by mud. I t  is probably unreasonable  
to i n t e r p r e t  such sharp sand to mud contacts  as boundaries between 
storm and non-storm or everyday d e p o s i ts .  These sharp boundaries 
probably  formed by g e n t le  wave reworking of the bed a f t e r  storm
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e n t r a in e d  sand was deposited but before storm e n tra in e d  mud had s e t t l e d  
frwn suspension.
Despite  the d i f f i c u l t i e s  described above, i t  is s t i l l  poss ib le  to 
decipher  some of the between-storm or everyday sedimentary record .
Brown s i l t s t o n e  and c laystone are l o c a l l y  present at  the base of the 
mud l a y e r .  T h e i r  c o lo r  im pl ies  tha t  ox id ized  c la y  f e l l  from suspension 
fo l lo w in g  storms. In c o n t r a s t ,  b lack s i l t s t o n e ,  which comprises the 
upper p a r ts  of many mud beds, was deposited and reduced by the 
in co rp ora t ion  of organic m a te r ia l  r e ig n in g  out of the water column. 
Thick b lack s i l t s t o n e  in terbeds in d ic a te  tha t  reducing cond it ions  
sometimes p e r s is te d  over the inner s h e l f  f o r  s i g n i f i c a n t  per iods of 
t ime between storms.
Two kinds of sandstone beds are commonly i n t e r c a la t e d  w i th  the 
mudstones. Some are th in  wavy beds of undulatory  to plane laminated  
f i n e  sand, commonly capped by wave r i p p l e s .  These resemble the th ic k e r  
hummocky bedded sandstones and are l ik e w is e  in te r p r e te d  as small storm 
d e p o s i ts .  L o c a l l y ,  th in  packages of  f in e  w h ite  sand wi th  climbing  
r i p p l e s  are interbedded in the black s i l t s t o n e .  Because these are 
f a i r l y  ra re  and a r e n ' t  r e a c t i v a t e d ,  they are in te r p r e te d  to record  
small u n id i r e c t io n a l  storm generated c u r r e n ts .
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Deoosit io n a l  model— hummocky bedded fa c ie s
In  l i g h t  of the preceding d iscuss ion ,  we are faced with two 
sedim ento log ica l  problems in the in t e r p r e t a t i o n  of t h i s  f a c ie s .
F i r s t ,  when, how, and from where was sediment t ransported  to the 
de p o s i t io n a l  environment? Second, how do e a r l y ,  s e d im e n t -d e l iv e r in g  
u n i d i r e c t i o n a l  c u r re n ts  and l a t e r ,  bed reworking o s c i l l a t o r y  c urren ts  
become superimposed on one another?
I t  may be most lo g ic a l  to progress toward some reasonable model 
through a process of e l i m i n a t i o n .  The process of storm surge ebb can 
be dismissed as a reasonable  model because i t  demands wave impingement 
and o s c i l l a t o r y  f lo w  before  u n id i r e c t io n a l  f lo w ,  the reverse of the 
sequence in the Garnet Range.
W a lk e r 's  <1979) model of t u r b i d i t y  curren t  f low during storms has 
gained acceptance among seme workers in Cretaceous deposits  of the 
western i n t e r i o r ,  p a r t i c u l a r l y  in cases where hummocky beds are 
i n t e r s t r a t i f i e d  w i th  t u r b i d i t e s  ( e . g . ,  Hamblin and W a lk e r ,1981) .  As 
y e t ,  the Garnet Range has not been shown to conta in  or pass basinward 
to a d i s t a l  t u r b i d i t e  f a c i e s .  Hunter and C l i f t o n  <1982) challenged the 
premise that  sediment c o n c e n tra t io n s  can become great  enough to induce 
d e n s i ty  c urren t  f lo w  on marine she lves ,  even during large  storms.
A ls o ,  organized sole  marks are absent on the bases of storm beds in the 
Garnet Range. But perhaps the best reason to dismiss the t u r b i d i t e  
model is  t h a t ,  l i k e  the storm surge ebb model,  i t  re qu ire s  wave 
impingement and o s c i l l a t o r y  f lo w  before  u n id i r e c t io n a l  sediment 
t r a n s p o r t .
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The most reasonable  exp lana t ion  fo r  t h i s  f a c ie s  is that  sediment 
was e n t r a in e d  by wind forced  u n id i re c to n a l  bottom c urren ts  ahead of 
hu rr ic a n e  scale  storm t r a c t s .  As sediment was l a t e r  deposited,  i t  was 
reworked by deeply p e n e t r a t in g  storm waves. Morton <1?81) described  
two k inds of wind d r iv e n  nearshore c urren t  regimes observed during  
storms. When storms approached coasts from o f fs h o r e ,  tw o- layer  
c e l l u l a r  water  motion occurred as surface waters  were blown onshore and 
re tu rn  bottom c u r re n ts  f lowed o f fs h o r e .  Bottom curren t  v e l o c i t i e s  of 
160cm/sec, s u f f i c i e n t l y  f a s t  to move f in e  sand in the upper f low regime 
or suspension, were recorded at  the sediment water in te r fa c e  in 6.3m of 
water  during Hurr icane Cam i l le  in the Gulf  of Mexico (Murray, 1970) .  
S im i l a r  measurements have been made fo r  other  storms (Smith and 
Hopkins, 1974; Creager and S ternberg ,  1974) .  In cases where storms 
approached at  a low angle ( s u b p a r a l l e l )  to the c o a s t l in e ,  surface and 
bottcxn water  f lowed to g e th e r ,  alongshore and away from the storm c e l l .  
Figure 9 shows o r i e n t a t i o n s  of la rge  megaripples from fa c ie s  four of  
the Garnet Range. The prominent NE-SW modes probably r e f l e c t  bedforms 
generated by such alongshore storm c u r r e n ts .  In both the one- and 
tw o - la y e r  cases, u n i d i r e c t i o n a l  bottom c urren ts  preceded impingement of 
waves on the bottom. Moreover, maximum c urren t  v e l o c i t i e s  preceded 
maximum wind v e l o c i t i e s ,  suggesting tha t  most sediment was transported  
before  l a n d f a l l  of the storm. The s ig n i f ic a n c e  of th is  data becomes 
apparent when viewed in l i g h t  of Hayes' o r ig in a l  storm surge 
hypothesis!
To summarize, severa l  l i n e s  of evidence suggest tha t  sediment was
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t ra n s p o r te d  by wind forced  bottom c u rre n ts  during storms on the Inner  
s h e l f  of the B e l t  Sea during Garnet Range d e p o s i t io n .  Hummocky 
bedding, an enigmatic  sedimentary s t r u c tu r e ,  probably  formed by scour 
and f i l l  as deeply p e n e t r a t in g  storm waves in t e r f e r e d  w i th  the bottom 
c u r r e n ts .  A n a ly s is  of storm dominated shallow marine processes in the 
Garnet Range has j u s t  begun. Fu r ther  study in th is  par t  of the Belt  
w i l l  undoubtedly c o n t r ib u te  to our understanding of these complicated  
processes, and help r e f i n e  or r e v is e  the model o u t l in e d  h e re in .
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APPENDIX Or>IE: METHODS
A l l  sec t ions  were measured w i th  a Jacobs s t a f f .  Sections were 
f i r s t  marked o f f  and la b e l l e d  at  every m eter ,  w i th  e i t h e r  s i l v e r  pa in t  
or duct ta p e .  A f t e r  l a b e l l i n g ,  s e c : , 3 ^ 5  were described at the scale of 
one cent im eter  to the m eter .  Graphic columns in Appendix Three have 
been copied d i r e c t l y  from f i e l d  notes .  They have been reduced to 75% 
of o r i g i n a l  s i z e .
Pa leocurrent  data were c o l l e c t e d  w i th  a Brunton and r e p lo t t e d  a f t e r  
c o r r e c t io n s  were made fo r  s t r u c t u r a l  plunge and s t r u c tu r a l  d ip .  The 
assumption was made tha t  no te c to n ic  r o t a t i o n  had occurred. Even i f  
th i s  assumption proves to be in ac c u ra te ,  the data are s t i l l  i n t e r n a l l y  
c o n s is te n t  s ince a l l  p a le o c u rre n t  l o c a l i t i e s  l i e  w i th in  one s t r u c tu r a l  
p la te  (Watson, 1984) .
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APPENDIX TWO: SECTION LOCATIONS
Quadranoles
Measured Sect ions:
Eddy Creek (EC)   P e t ty  Mountain 7 .5  minute quadrangle, Montana
E l l i s  Mountain (E M ) ....................................A lber ton  15 minute quadrangle, Montana
N inem ile  (N M )................................................... A lber ton  15 minute quadrangle,  Montana
S tu a r t  Peak (SP>................................ .S tu a r t  Peak 7 .5  minute quadrangle, Montana
P i lc h e r  Creek ( P C ) ..............N ortheast  Missoula 7 .5  minute quadrangle, Montana
Johnson Gulch ( J 6 )  Blue Point 7 .5  minute quadrangle, Montana
LaFray Creek ( L C )    Blue Point  7 .5  minute quadrangle, Montana
Wisherd Bridge (WB). . . . . . . . . . . . .B1ue Point  7 .5  minute quadrangle, Montana
Pa leocurren t  L o c a l i t i e s ;
LaFray Creek ( L C )  Blue Point  7 .5  minute quadrangle, Montana
Wisherd Gulch (WG)......................... . . . B l u e  Point  7 .5  minute quadrangle, Montana
Wisherd Ridge (WRl, WR2) .Blue Point 7 .5  minute quadrangle, Montana
Blackfoot  River  ( B R )  Blue Point  7 .5  minute quadrangle, Montana
Bear Creek (B C ) . . . . . . . . .Sun-flower Mountain 7 .5  minute quadrangle, Montana
Reconnaissance L o c a l i t i e s :
Trout  C reek ........................................................Superior  15 minute quadrangle, Montana
Apex M o u n t a i n . . . . .....................Danaher Mountain 7 .5  minute quadrangle, Montana
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D eta iled  L o c a lity  Descriptions
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Eddy CreeK (EC): Section begins near center of SE 1/4 of sec 6, T14N, 
R22U. Section is  exposed in ra i lro a d  excavation below old Highway 
10 overpass. The uppermost red beds of the MacNamara Formation 
crop out in section 5 , along the Clark Fork R iver, approximately 
200 fe e t  s t ra t ig ra p h ic a l ly  below the base of th is  section (see 
Bleiwas, 1977).
S tra tio rao h y : 0m-33m: Facies 1.
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E l l i s  Mountain (EM) ; Sect ion  begins in SE 1 /4  o-f 9J 1 /4  o-f sec 32,
T15N, R22W. Base o-f s e c t io n  l i e s  below o ld  r a i l r o a d  tu n n e l ,  where 
outcrop p ro t ru d e s  to  w i t h i n  severa l  f e e t  of the road.  Section  
c ont inues  up over top of tu n n e l .  The c o n c r e t io n a ry /c h e r ty  horizon  
a t  36m of  t h i s  s e c t io n  c o r r e l a t e s  w i th  a s i m i l a r  in te r v a l  a t  14m of  
the EC s e c t i o n .  The base of t h i s  s e c t io n  th e r e fo re  l i e s  about 178m 
above the base of the Garnet Range.
S t r a t  i g raphy; 0m-62m: Fac ies  1, 62m-97ms Facies  3. Top of t h i s  
s e c t io n  is  p ro b le m a t ic ;  i t  c on ta in s  s t r u c tu r e s  c h a r a c t e r i s t i c  of  
both F ac ies  1 and 3 .  The two may be in terbedded .  There is  
evidence of  n e i t h e r  F a c ie s  2 nor an unconformity  in the s e c t io n .
The F1/F3 c o n ta c t  is  p laced somewhat a r b i t r a r i l y  a t  the lowest  
occurance of  abundant th ic k  bedded sandstone.
N in e m i le  <NM); S e c t ion  begins in SE 1 /4  of SE 1 /4  of sec 28, T15n,
R22W. Sect ion is  exposed in v e r t i c a l  s labs along abandoned 
r a i l r o a d  t r a c k s ,  Just below M issou la  lakebed outcrops on Highway 
10. Base o f  s e c t io n  l i e s  Just  west of la rge  g u l l y .  S t r a t i g r a p h ie  
p o s i t io n  of  t h i s  s e c t io n  is  very  po o r ly  c o n s tra in e d .  I t  l i e s  
s i g n i f i c a n t l y  above the n e ares t  MacNamara Formation, but excessive  
deform ation  in the area  p r o h i b i t s  pre c is e  determ inat ion  of v e r t i c a l  
s t r a t i g r a p h i e  r e l a t i o n s  
S t r a t  io ra o h y ; Om-52m: Fac ies  3 .
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S tu a r t  Peak <SP): Section begins in the NE 1/4  o-f NE 1/4  o i sec 6, 
T14N, R18UI. Access by descending along r idge southeast o-f S tuart  
Peak towards unnamed la k e .  Section begins at f i r s t  wel l  exposed 
outcrops about 100 f e e t  above lake .  Based on c o r re la t io n  with  LC 
s e c t io n ,  base of sect ion l i e s  approximately 150m below base of 
P i lc h e r  Q u a r t z i t e .
S t r a t i o r a o h y ; Om-31m: Facies 3} 31m-141m: Facies 4. F3/F4 contact
def ined as per LC s e c t io n .
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P i lc h e r  Creek (PC):  Section begins in N 1 /4  o-f NW 1/4  of sec 21, T14N, 
R18W. Access by ascending ta lu s  slope above Rattlesnake Creek 
toward prominent c l i f f s .  Section begins at  lowest well  exposed 
outcrops on west side of prominent g u l l y .  Section terminates at 
west d i re c te d  thrust  f a u l t  of unknown displacement. Based on 
c o r r e la t io n  w i th  LC sect ion and map r e la t io n s  (Wallace and Lidke,  
1980) ,  base of sect ion l i e s  about 195m below base of P i lcher  
Quartz i te .
S t r a t  ioraohy; Om-127m : Facies 3; 127m-195m: Facies 4. F3/F4
contact placed as per LC se c t ion .
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Johnson Gulch <J6):  Section begins in the E 1 /4  of tW 1/4 of sec 14, 
T13N, R18W. Access by walk ing across Marco F la t  foot bridge and 
then walk ing  west along abandoned r a i l r o a d  t racks .  Section begins 
at  f i r s t  exposures northeast  of the old wooden r a i l r o a d  bridge over 
Johnson Gulch. Section ends where i t  becomes excessively  disrupted  
by f a u l t i n g .  Based on c a lc u la t io n s  on map of Nelson and Dobell 
( 1 9 6 1 ) ,  sect ion begins approximately 800 fe e t  above base of Garnet 
Range Formation.
S t r a t  ioraohy; Om-28m: Facies 1; 28m-280m: Facies 2. F1/F2 contact
f a i r l y  sharp but probably conformable; i t  Is gradational over 
several meters.
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Section begins In
LaFray Creek (LC):  Section not located at  LaFray 
across the B lackfoot  River  from LaFray Creek.
NE 1 /4  of NW 1 /4  of sec 7, T 1 3 f ,  R17W. Access by walking one mile  
east from Wisherd Bridge along abandoned r a i l r o a d  r a i l r o a d  t racks .  
Near point  3485 in sect ion 7 , walk north up ta lus  strewn canyon. 
Ascend slopes past f i r s t  main " t r ib u t a r y "  to the lowest well  
exposed outcrops. Th is  section crosses the Garnet Range-Pi 1 cher 
contact ;  i t  begins approximate ly  229m below the contact .
S t r a t  ioraohy; Om-187m: Facies 3; 187m-229m: Facies 4; 229m-273m: 
P i lc h e r  Q u a r t z i t e .  F3/F4 contact placed somewhat a r b i t r a r i l y  at  
lowest occurance of " f a i r l y  abundant" megaripples. F4 /P i lc he r  
contact placed less a r b i t r a r i l y  at lowest occurance of abundant 
megaripples, maroon f in e  grained in terbeds,  and white (vs .  green) 
q u a r t z i t e s .
Wisherd Bridge (WB); Section begins in W 1/4  of SE 1/4 of sec 8, T13N, 
R17W. Access by acsending ta lu s  slope above Wisherd Bridge past 
p l a s t i c  water pipe to large f i r  t r e e .  Based on c o r r e la t io n  of 
F3/F4 contact  w i th  LC s e c t io n ,  th is  sect ion begins about 130m below 
the base of the P i l c h e r ,
S t r a t  io raohy; 0m-87m; Facies 3; 87m-105m; Facies 4. F3/F4 as per
LC sect ion .
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LaFray Creek p a le o c u r r e n t  l o c a l i t y  (L C ) :  At top of LC measured
s e c t i o n ,  see p re c ed ing  page. T h is  s e c t io n  l i e s  at  the base of the 
P i 1 cher .
Wisherd Gulch p a le o c u r r e n t  l o c a l i t y  (WG): Located in NE 1 /4  of NW 1/4  
of  sec 8 ,  T i a ^ ,  R17U. Access by bushwacking up Wisherd Gulch f o r  
about one m i l e .  Measurements taken on prominent outcrop  
a p p r o x im a te ly  100 f e e t  above the bottom of Wisherd Gulch. Sect ion  
p ro b ab ly  l i e s  more than 200 f e e t  above the base of  the P i l c h e r .
B la c k fo o t  R iv e r  p a le o c u r r e n t  l o c a l i t y  (BR):  Located in NW 1 /4  of NW 
1 /4  of sec 16, T13N, R17W. Access by c l im b in g  steep h i l l s  and 
c l i f f s  above B la c k fo o t  R iv e r  about 1 /2  m i le  eas t  of  the west end of  
Wisherd B r id g e .  L o c a l i t y  is  in core of Wisherd s y n c l in e  and 
d e fo rm a t io n  p r o h i b i t s  p re c is e  i d e n t i f i c a t i o n  o f  s t r a t i g r a p h i e  
p o s i t i o n .  I t  p rob ab ly  l i e s  a t  l e a s t  s evera l  hundred f e e t  above the 
base of  the P i l c h e r .
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Wisherd Ridge p a le o c u rre n t  l o c a l i t i e s  (WRl, WR2): WRl located  near
c e n te r  of  NE 1 /4  of sec 31, T14N, R17W. WR2 located  near center  of 
SE 1 /4  of  same s e c t i o n .  Both can be accessed by walk ing  from the 
hook in the Lockwood Point  road west toward the r id g e .  WR2 is 
lo c a te d  on ledges in f i r s t  c i r q u e ,  WRl is loca ted  on ledges above 
second c i r q u e .  Both l o c a l i t i e s  l i e  w i t h in  several hundred f e e t  of 
the base of  the P i l c h e r .
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Bear Creek paleocurrent lo c a l i t y  < 8 0 :  L o c a l i ty  s itu a te d  in SU 1 /4  of 
SE 1 /4  of sec 13, T13N, R17U. Access by h ik ing  short distance up 
ta lu s  on east side of Bear Creek, Just above sharp bend in road. 
Garnet Range-PiIcher t ra n s i t io n  is  v is ib le  Just across the road; 
the paleocurrent lo c a l i t y  l i e s  in the lower 200 fe e t  of the 
P i lc h e r .
Trout Creek reconnaissance lo c a l i t y :  Secs 23, 24, T16N, R26W. Access
v ia  Trout Creek Road, 4 m i. southeast of Superior. Exposures are in 
roadcuts on NUI side of road and on slopes above ( to  SE o f)  Trout 
Creek.
Apex Mountain reconnaissance lo c a l i t y :  Lower h a lf  of sec 26, T18N, R12U.
Access by h ik in g  up Monture Creek (Just north of Ovando) and crossing  
Limestone Pass in to  Bob Marshall W ilderness. Exposures are on the 
r id g e  Just east of Apex Mountain.
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APPENDIX THREE: MEASURED SECTims  
Legend
Rock types:
Plane bedded to low angle cross bedded sandstone, very -fine to  
f i n e  g r a in e d ,  l o c a l l y  medium gra ined  in Facies  Four.
Hummocky bedded sandstone, very f i n e  to f in e  gra ined .
p T z s "
I ; ; ; ;
Muddy very  f i n e  gra ined  sandstone to s i l t y  c lays to ne ;  dot/dash  
r a t i o  approximates sand/mud r a t i o .
D i s t i n c t i v e  black s i l t s t o n e  at  Johnson Gulch. S l i g h t l y  coarser  
than b lack  s i l t s t o n e  of Eddy Creek and lower Johnson Gulch 
sect  ions.
Black s i l t s t o n e ,  commonly conta in s  l e n t i c u l a r  or wavy sandstone 
too th in  to show.
In terbedded b lack s i l t s t o n e  and w h i te  f in e  gra ined sandstone.  
S i l t s t o n e  common 1 y massive to l e n t i c u l a r  bedded, sandstone 
graded to  f l a s e r  bedded.
Waxy, l i g h t  c o lo re d  (green-brown)  mudstone to c la y s to ne .  
Resembles c h e r t  in hardness and lu s t e r  when pure.
Covered.
Sedimentary s t r u c tu r e s :
/ /« /« C u r r e n t  r i p p l e s  
Me gar ip p le s  
Climbing r i p p l e s  
Symmetric r i p p l e s  
Slumps
/Yvm Scoured top of sandstone bed; eros iona l  remnants form p ro tru d in g  
mounds of  v a r io u s  shapes 
Mudchips 
(2%) Concret ions
w  Gash-shaped (s y n e re s is ? )  mudcracks
—( Anastimosing grooves on bedding planes (water  escape s t ru c tu re s ? )  
1ÎJ M o t t le d  bedding (w a te r  escape s t ru c tu re s ? )
-i. _L Carbonate cement 
<ü» Load c a s t s / b a l l  and p i l l o w  s t r u c tu r e s
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